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ABSTRACT
In this dissertation, the conformations of carbohydrates and carbohydrate-
containing molecules were explored for two types of compounds using NIVIR and
molecular modeling techniques. The NMR studies provided data about molecular
conformation, while the molecular models provided scaffolds for interpreting the
physical data.
Anthocyanins from Daucus carota bearing various acyl groups were studied in
order to elucidate their conformations in aqueous solution. The anthocyanins studied
have the general structure 3-0-{(6-O-acyl)-B-D-glucopyranosyl-(1—>6)-[B-D-
xylopyranosyl-(l—>2)]-B-D-galactopyranosyl}cyanidin. The persistence ofthe red color
ofthese compounds was shown to be influenced by the chemical structure of the
attached acyl group. The comparison ofthe 1D and 2D NMR spectra ofthese
compounds, as well as related monoacylated anthocyanins in methanol, revealed trends
among all ofthe compounds that were indicative of molecular conformation. First, the
values of the coupling constants that defined the B-(1—*6)-linkages ofthe carbohydrate
backbone indicated that a single conformational family was present in solution greater
than seventy percent ofthe time. This conformation explained previous data for these
compounds and defined a precise geometry of interaction for the acyl group and the
flavylium chromophore for all of the compounds. This evidence strongly suggested that
the electronic character and/or relative electron density of the aromatic ring ofthe acyl
group is the most important factor in stabilizing the flavylium cation towards hydration
and decolorization.
The influence ofthe acyl group of the anthocyanins was further explored in a
series of novel monocinnamoylated anthocyanins from D. carota. These acids varied in
the size and electron density of the pi-system, and were intended to probe subtle steric
and electronic effects in the interaction of the acyl group with the anthocyanin
chromophore. The NNIR spectra of these anthocyanins in methanol-d4 showed the
same trends as the studied anthocyanins in aqueous solution. The new compounds also
provided insight into the types of aromatic acids that are successfully incorporated into
anthocyanins in the cell culture.
Multiple variants of the [3-(1—>4)-linked disaccharide of hyaluronic acid (HA)
with oxygen, carbon, and sulfiir as the interglycosidic atom were also studied. The
substitution of carbon or sulfiir for oxygen in the glycosidic bond rendered these
molecules more flexible in solution. Although these molecules populated the same
conformational families to a large extent, the low-energy conformers within those
families were somewhat different. Several of the minimum-energy structures identified
by the NW studies of the disaccharides were identified in other NMR and molecular
modeling studies of the HA polymer.
A crystalline C-disaccharide of hyaluronic acid was also studied. The solid-state
conformation was similar to those found for other C—disaccharides in the solid state, but
different from the low-energy structure predicted by molecular modeling. The potential
energy surface may be overly influenced by potential hydrogen-bonding interactions
that stabilized conformations that were less likely to occur due to unfavorable steric
interactions. Moreover, the study ofthe crystalline C-disaccharide suggested that
vii
functional group modification of the interglycosidic atom of C-disaccharides was
another way to influence the conformation ofthe glycosidic linkage.
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Chapter 1. The Solution Structures of Monoacylated Anthocyanins
from Daucus carota.
I. Background.
The anthocyanins are a class of pigments found in flowers, fruits, and
vegetables. They can exhibit red, pink, orange, blue, and purple colors, depending
upon the pH ofthe medium.1 Because of their natural origin, these molecules have
attracted interest as colorants in pharmaceutical and food preparations.2 They are non-
toxic and can add value to products as “all natural” ingredients. The anthocyanins also
have antioxidant activity,3’4 as they are polyphenolic compounds, and this attribute adds
to their attractiveness as food colorants.
The anthocyanins are structurally diverse. The most common naturally
occurring anthocyanidins are shown in Figure 1.1 As they are found in Nature,
anthocyanins consist of a 2-phenylbenzopyrilium derivative commonly glycosylated at
the 3- or at the 3- and 5-positions. They can also be modified at the C-7 and C-3'
hydroxyl groups of suitably firnctionalized anthocyanidins. Anthocyanins can also be
mono-, di-, or triacylated, as well as carrying a variety of other glycosylation patterns.5
Typical acyl groups include derivatives of cinnamic acid, derivatives ofbenzoic acid,
and malonic acid.
Anthocyanins are highly colored at pH < 2.5; however, as the pH increases they
can lose color due to attack ofwater at C-2 of the flavylium cation to form a colorless
hemiacetal, or they can convert to blue quinonoidal base forms that are the predominant
colored forms at higher pH.6'8 Although these reactions are reversible and pH-
 
Peonidin
Figure 1. Structures of common anthocyanidins
OH
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dependent, subsequent rearrangements of the hemiacetal form result in permanent color
loss. Scheme 1 depicts the pH-dependent equilibria. This lack of color stability in
near-neutral pH prevents their wide use in commercial applications.
In 1931, Robinson and Robinson commented on the increased color intensity
and color change reported by Willstatter and Zollinger in 1916 regarding the addition of
tannin or gallic acid to various anthocyaninins.9 The Robinsons further noted the
widespread occurrence of copigments with anthocyanins and hypothesized that the
copigments were important in flower color variation. The term copigmentation is used
to describe the interaction of anthocyanins with one or more chemical species.
Naturally observed copigments include organic acids, alkaloids, metal ions,
polyphenolic compounds, and other anthocyanins. The consequences of
copigmentation can include a shift in the absorption maximum ofthe anthocyanin and
an increase in the intensity ofthe absorption, as well as an increase in color stability.
The inter-molecular copigmentation interaction is solvent dependent, and
intermolecular complexes in aqueous solution can be disrupted with the addition of
polar organic solvents.9’10 It is also a temperature-dependent phenomenon. Upon
heating an aqueous solution of cyanin and chlorogenic acid to near 100 °C, the
copigmentation-dependent spectral changes are greatly diminished.10
The three-dimensional structures of acylated and non-acylated anthocyanins in
solution have been studied by 1D and 2D NMR methods as well as by circular
dichroism and UV spectroscopy. These methods reveal the stacking of anthocyanins
with themselves and with aromatic acids (copigmentation). Hydrophobic stacking or
 
Flavylium cation - red
-H20 H20
Hemiacetal - colorless
Z-chalcone - pale yellow
  
Quinonoidal base - blue





E-chalcone - pale yellow
Scheme 1. Hydration ofthe flavylium cation and subsequent rearrangement
dispersion interactions, and hydrogen bonding have been used to explain this
phenomenon.1 The mode of anthocyanin color stabilization by copigmentation may also
shed light on the nature of the anthocyanin—aromatic copigment interaction. From the
perspective ofthe di- or polyacylated anthocyanins, the color stability of these molecules
at near-neutral pH can be rationalized on steric grounds, with two intra-molecular
copigment moieties shielding both faces ofthe flavylium cation to prevent attack by
water. This is known as sandwich stackingm’ll However, the steric hypothesis of
anthocyanin stabilization is challenged by the observation that the color stability of
anthocyanins may be increased with the addition of a single aromatic acyl group.12 In
this scenario, intramolecular pigmentation covers only one face of the flavylium nucleus





Figure 2. Two-dimensional representation ofthe stacked conformation of a
monoacylated anthocyanin from D. carota.

Dougall and co-workers prepared a series of anthocyanins fi'om Daucus carota
(wild carrot) to elucidate the relationship between the nature of the copigment and the
color stability of the resulting anthocyanin. 13 The results of this work include the
following conclusions: 1) monoacylated anthocyanins bearing derivatives of cinnamic
acid as intramolecular COpigments are more stable than those acylated with identically
substituted derivatives ofbenzoic acid; 2) aromatic acids bearing electron-donating
substituents stabilize the flavylium cation more effectively than those with electron-
withdrawing substituents; and 3) steric factors also appear to influence the stabilizing
effect of individual acids.
11. Arene—Arene Interactions.
Face-to-face and edge-to-face arrangements of aromatic rings have been
documented in both synthetic and natural systems, including DNA”’15 and proteins.
These non-covalent interactions between aromatic rings are referred to as arene—arene
interactions. The rationalization ofthese arrangements as thermodynamic minima are
appropriated on a case-by-case or system-by-system basis. There is not a single
explanation that has agreeably accounted for all of the experimental examples detailed
in the literature. Thus “arene—arene interaction” is a blanket term used to describe one
of several possible explanations for the interaction oftwo aromatic groups in solution or
in the solid state.“
There are three or four basic types of interactions that are used to explain the
17,18
experimental and theoretical results. These are polar/1t interactions, charge-transfer
19-21 22,23
interactions, quadrupolar interactions, and general hydrophobic interactions.24
These approaches are differentiated based on the experimental and theoretical trends
they seek to explain.
The polar/rt interaction model is characterized by the apparent repulsion
between the pi electrons of aromatic rings in a face-to-face arrangement. This
conclusion is arrived at through experimental evidence that shows that the most
favorable face-to face interaction is experienced when both ofthe interacting aromatic
surfaces bear electron-vvithdrawing substituents.25 Hunter and Sanders discussed the
electrostatics component of this rationale in an experimental and theoretical study of the
stacking of porphyrins.18 Their model highlighted the importance of electrostatics in
orienting one pi surface relative to another, or at least that electrostatics could be used to
predict the geometry of interaction found in the crystal structure. They hypothesized
that the interaction of the pi clouds of the respective monomers was repulsive, but the
attraction between the pi cloud of one monomer with the sigma framework of another
was attractive based upon the predictions of a split point charge model.
There are other explanations used for arene—arene interactions, including
charge- transfer and quadrupolar interactions. The charge-transfer (CT) interaction can
be characterized by some level of electron transfer between a donor molecule or moiety
and an acceptor molecule or moiety.26 It also results in the presence of an induced
dipole moment that is greater than and different from those ofthe individual
components. The charge- transfer interaction is attended by the appearance ofnew
bands in the UV spectrum when the two species interact. 19'” Moreover, the changes
in the UV spectra of anthocyanins upon copigmentation may be indicative of charge-
transfer interactions.”
Yet another mechanism proposed for arene—arene interactions is the quadrupolar
interaction. The quadrupole moment ofthe benzene ring, with a net negative value for
the face of the ring and a positive value for the ring of hydrogens around the periphery,
promotes the edge-to-face association seen for benzene in the solid state. However, if
the signs of the quadrupole moments oftwo aromatic species are opposite to one
another, a face-to-face arrangement is favored.22
Hydrophobic interactions are often referred to in the anthocyanin literature, and
have the connotation of dispersion interactions. This term is used to describe the
copigmentation phenomenon as the interaction or overlap oftwo aromatic surfaces in
aqueous solution with the attendant entropic benefit due to the displacement of the
surrounding water molecules. There is some evidence that suggests that the energetics
of intermolecular copigmentation ofthe flavylium form of malvin or cyanin with an
aromatic pigment is related to the reorganization of the surrounding water molecules.28
The anthocyanins, as a class of molecules found in nature, are strongly affected
by interaction with other aromatic groups. The interaction of an anthocyanin
intramolecularly with one or more aromatic acids influences the color stability of the
anthocyanin, as well as the color ofthe anthocyanin itself. The experimentally
observed features of c0pigmentation, including the change in the absorption maximum
wavelength and the increase in intensity of absorption, as well as the temperature
dependence ofthese features support the existence of a charge-transfer type interaction
between the chromophore and the copigment. This interaction could be sufficiently
weak so as to involve little electron transfer from donor (copigment) to acceptor
(flavylium chromophore), as compared to changes in the dipole moment of the
molecule. Moreover, a study of the solution structures of monoacylated anthocyanins
may serve as a basis to investigate the mode of color stabilization and the nature of
arene—arene interactions in these molecules.
I11. Statement of the Problem.
It has been shown that anthocyanins that are glycosylated and acylated with one
or more cinnamic acid derivatives retain color at neutral pH. These include
polyacylated anthocyanins like heavenly blue anthocyanin29 (1) and zebrinin3O (2) (see
Figure 3). Yoshida, Kondo and co-workers isloated alatanins A, B, and C31 (3—5) (see
Figure 4). Alatanin C (5) was found to be a monoacylated anthocyanin that was
comparable in color stability to the diacylated alatanin anthocyanins.l2 Moreover,
studies by Dougall and co-workers of monoacylated anthocyanins from the wild carrot
have demonstrated that the persistence of red color at increased pH is influenced by the
presence of and chemical structure of an aromatic acid copigment.
Molecular modeling techniques, and quenched molecular dynamics (QMD) in
particular, have been used to determine the three-dimensional structures of flexible
molecules.”34 This method has been applied, in concert with NMR data, to a series of
anthocyanins from the wild carrot in methanolic solution in order to better understand
the interaction between the flavylium cation and covalently attached aromatic acids.35
10















































































































































































The results of this study concurred with available NMR data in methanol-d4, which
indicated that the anthocyanins having the general structure 3-0-{(6-0-acyl)-B-D-
glucopyranosyl-(l —>6)-[B-D-xylopyranosyl-(1—+2)]-B-D-galactopyranosyl}cyanidin
were highly flexible, even at temperatures approaching — 50 °C. The molecular
modeling studies identified and classified a large number of conformational families, in
which could be observed arene—arene, pi—arene, and carbohydrate—arene interactions.
This work is the second generation of solution models of monoacylated anthocyanins
from D. carota.35 The modeling protocol developed for these compounds in methanol
has been extended to the aqueous environment by changing the dielectric constant, and
by evaluating the models with NMR data acquired in D20. The set of five compounds
includes a diverse array of functionality and color stability. Their respective color
stabilities are listed in Table 1, expressed as the equilibrium constant of the hydration
reaction (refer to Scheme 1). It is envisaged that the solution conformation or
conformations of these molecules will be revealed by the models. Moreover, by
comparing the solution behavior ofthe various compounds, information about the
relationship between anthocyanin structure and color stability can be had.
The five compounds chosen for the study were based on two points of diversity
in the chemical structure. First and foremost was the copigment moiety. In this study,
three different aromatic acids were used—two derivatives of cinnamic acid and one
derivative ofbenzoic acid. The comparison of the anthocyanins bearing the cinnamic
acid derivatives 3,4,5-trimethoxycinnamic acid 6 (3,4,5-TCIN) and 4-fluorocinnamic
acid 8 (4-FCIN) should provide information about the difference between relatively
19
Table 1. Color stabilities of selected anthocyanins from Redus et al.13
 
 
, Color Stability Khx 105
Anthocyamn
(M)
CyanGXG 10“ 43 :l: 6
3,4,5-TMBENZ 9 14.9 $0.8
4-FCIN 8 9.27 :1: 0.06
3,4,5-TCIN-X 7 5.38 :1: 0.08
3,4,5-TCIN 6 5.2 :l: 0.3   
a. The anthocyanins 6—10 are listed in Figure 5.
electron-rich and electron-poor aromatic acids. 3,4,5-TCIN is contrasted against 3,4,5-
trimethoxybenzoic acid 9 (3,4,5-TMBENZ), as the exocyclic double bond of the
cinnamic acid is very significant to the color stability ofthe resulting anthocyanin. One
anthocyanin 10 (cyanGXG) has no acyl group and served as a “control” for all three
aforementioned compounds. Finally, one anthocyanin in this study is acylated with
3,4,5-trimethoxycinnamic acid, but lacks the xylose residue 7 (3,4,5-TCIN-X). In some
ofthe conformers predicted in the previous study (in methanol), the xylose residue
shields the upper face ofthe flavylium A and C rings while the copigment shields the
lower face.”’36 3,4,5-TCIN-X is intended to provide information about the role of
xylose in the solution structure of monoacylated anthocyanins.













R1 = H or B-D-Xylose Ham R2 = Acyl
OH
R1 = B—D-Xylose,
R2 = 3,4,5-Trimethoxycinnamic acid
 
R1 = H,
R2 = 3,4,5-Trimethoxycinnamic acid
0
R1 = B-D-Xylose, _
R2 = 4-Fluorocinnamic acid F 0
O
R1 = B'D'XYIOSC, H3CO 9




Structures of anthocyanins 6—10.
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1. To generate models ofthe anthocyanins isolated from cell cultures ofD. carota
using QMD and NMR data,
2. To use the models to rationalize the differences in color stability among the
monoacylated anthocyanins, and
3. To use the models as a template for the rational design of a “super” color stable
anthocyanin.
IV. Molecular Modeling Protocol.
The molecular modeling protocol is based upon the method developed by
Whittemore and Cox.35 The procedure has been modified somewhat from its original
form. The essentials of the modeling protocol, along with some ofthe modifications are
discussed below.
A. Charge Calculation Method.
Computational studies have revealed the electrophilic regions ofthe flavylium
nucleus, C-2 and C-4,37 as attack ofwater on the flavylium cation is known to lead to
the decolorization ofthese molecules. The charge calculation used in this study was
intended to more accurately reflect the charge distribution in the aromatic portions of
the molecule. As seen in the comparison ofthe CVFF force field38 default charges and
the AMI” determined charges used in this study, CVFF does not assign proper partial
charges to C-2 or C-4 ofthe flavylium cation (Table 2). Since electrostatic interactions
may play a part in the interaction between the flavylium nucleus and the aromatic acyl
group, it was envisaged that an improved charge set would improve the quality ofthe
22





Atom CVFF“ Gast-Hb Gast-M° AMld PM3° MNDof
0-1 -0.39 -0.440 —0.201 -0.116 —0.097 -0.175
C-2 -0.33g 0.293 0.393 0.288 0.333 0.352
C-3 0.21 0.344 0.185 —0.024 -0.034 -0.006
C-4 -0.10 0.119 -0.004 0.051 0.097 0.144
05 0.03 0.105 0.091 0.221 0.257 0.248
C-6 -0.10 —0.014 -0.001 -0.272 -0.270 -0.191
C-7 0.03 0.067 0.084 0.237 0.272 0.257
C-8 -0.10 -0.026 0.073 -0.271 -0.272 —0.191
09 0.36 0.106 0.369 0.167 0.189 0.199
C-10 0.00 0.081 0.111 -0.174 -0.199 -0.192
C-l' 0.18 0.050 0.084 -0.103 —0.127 -0.128
02' -0. 10 -0.020 -0.043 -0.081 —0.063 0.011
C-3' 0.03 0.123 -0.029 -0.001 0.012 0.014
04' 0.03 0.123 0.102 0.089 0.106 0.121
05' -0.10 —0.034 0.103 -0.141 -0.119 -0.072
C-6' —0.10 -0.059 -0.013 -0.037 -0.012 0.043       
a. Default partial charges used in CVFF force field38 b. Gasteiger—Huckel charges“"’41
0. Gasteiger—Marsili charges42’43 d. AMI charges39 e. PM3 charges44 f. MNDO
charges” g. C-2 and C-4 are electrophilic sites. The partial charges are in bold text for
emphasis.
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model. AMI partial charges were used in this study (see Appendix B).
B. Family Structures.
The naming of conformers followed a stepwise process. When the flavylium
ring system was oriented so that the cinnamic acid moiety was below it (or glucose in
the case of cyanGXG), and the galactose ring behind, the rings ofthe flavylium nucleus
were displayed from left to right as A-C-B or B-C-A. The A-C-B orientation was
denoted as nonflipped (N) and the B-C-A orientation was flipped (F). A conformation
was firrther identified by the relationship between galactose and glucose. If the glucose
ring was situated to the left of the galactose ring, the letter L was added to the
description of the conformation. If the glucose ring was situated to the right of the
galactose ring, an R was added to the name of the conformation. U was used when the
glucose ring was directly underneath the galactose ring, or the two rings appeared to be
colinear when the A and C rings were viewed edge-on with O-1 in front. Finally, a
descriptor was added to identify which part of the flavylium nucleus was interacting
with, or was in the immediate proximity of the aromatic ring of the acyl group (D ring).
Numbers and shape descriptors were added for multiple unique conformations with the
same family designation to differentiate the names of conformers resulting from this
study. The letter D signified a diagonal orientation of the galactose ring and was often
attended by extensive overlap of the aromatic surfaces. The letter F added to the family
description signified that the conformation has an overall flat shape, also with extensive
overlap of aromatic surfaces. The letter R denoted a round shape conferred by the
conformation ofthe carbohydrate portion ofthe molecule, and the letter U described a
24
conformation in which the galactose ring was above the plane ofthe flavylium ring
system.
C. Torsion Angles.
Refer to Appendix A for a discussion ofthe nomenclature of carbohydrate
conformation used in this dissertation. The conformers generated from QMD were
characterized using seven torsion angles (Figure 6, Table 3). These were also
monitored throughout the molecular dynamics (MD) simulation. The torsion angles for
the hydroxymethyl groups of galactose and glucose ((01 and (03) were used to calculate
coupling constants between H-5 and H-6proR and H-5 and H-6proS according to the
equation developed by Widmalm, Serianni and co-workers.46
OH
OH
0 G) / l
H3CO \ \ HO 0\ \
l / O (1)3
”300 o (1)3 1111




H191 0 0 11’2
0
o (1)2
Figure 6. Torsion angles monitored
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Table 3. Torsion angle definitions
 
Angle Definition Angle Definition
q), H-1G“—c-rGa‘—o—rGa'—C-3 0:2 c-IXYLO-zGal— C-ZGal—H-ZG‘“
1111 C- lGd—O- 1 Gall—C
-3—C-4 (b3 H- 101°
_C_ lGlc—O-6Gal— C-6631
(D1 0-563145931436081 _ O-6Gal (03 O_SGl
c_C_SGlc_C_6Glc _ O_6Glc
  
   (132 H- 1Xyl_C_ 1Xyl_0_2631_ c_2Gal
V. Results and Discussion.
A. Description ofFamilies from QMD with e = 80 D.
1. Anthocyanin families: cinnamoyl anthocyanins 6—8.
3,4,5-TCIN, 3,4,5-TCIN-X and 4-FCIN all yielded similar conformational
families, despite their structural differences. From the QMD simulation, 3,4,5-TCIN
yielded 513 conformers that were classified into eighteen families. 4-FCIN and 3,4,5-
TCIN-X yielded fewer than eighteen families each, and most ofthe conformational
families described for these molecules are consistent with those for 3,4,5-TCIN.
However, 4-FCIN and 3,4,5-TCIN-X contributed one additional family to total twenty
conformational families of cinnamoyl anthocyanins. The families were weighted more
heavily in nonflipped conformers. The QMD simulations predicted more nonflipped
than flipped conformers for each model. However, based on the results of this study
and previous work, the ratio of flipped to nonflipped conformers was not significant.
The families are shown in Figures 7—13.
26






































































































































































































































































































































FRACR conformational family (Figure 7) — The FRACR family had a round
shape, hence the additional R designation. In this conformation, the D ring was
underneath the A ring in particular, and the xylose ring was behind the B ring of
the flavylium ring system. The double bond ofthe cinnamic acid was
underneath H-4 ofthe flavylium ring system.
FRACUR conformational family (Figure 7) — This family also had an overall
round shape, and the U designation signified that the galactose residue was at
least partially above the plane ofthe flavylium ring system. In this
conformation, the D ring was underneath the A and C rings and the double bond
ofthe cinnarrric acid was near the A and C rings but not underneath them. The
xylose ring covered the upper surface ofthe flavylium nucleus.
FRDl conformational family (Figure 7) — The FRDl family was an intermediate
between the FRBF and FRD2 families, in which the D ring has moved past or
behind the B ring. A part of the glucose ring was situated underneath the A ring.
FRBFl conformational family (Figure 8) — The FRBFl family was part of a
continuum of conformations from FRBFl to FRDl to FRD2, which are
differentiated based upon the position of the D ring. This family maintained
extended contact between the two aromatic groups, with the D ring stacked
underneath the B ring and the cinnamoyl double bond underneath the AC ring
system. The F designation denoted the flat shape ofthis conformer. The xylose
ring was situated behind the B ring.
FRBF2 conformational family (Figure 8) - The FRBF2 family was similar to
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the FRBFl family in the extended alignment of aromatic groups; however, there
were also a few differences. In the FRBF2 conformation, the xylose and
galactose rings appeared to be rotated approximately forty degrees relative to the
plane ofthe flavylium ring system as compared to FRBF].
FRBU conformational family (Figure 8) — The FRBU family conformation had
the D ring underneath the B ring and the double bond ofthe cinnamic acid
underneath the A and C rings. The xylose ring was above the plane of the
flavylium nucleus in proxirrrity ofthe B ring and C-2, the chief site of
nucleophilic attack. More than fifty percent of the galactose ring was above the
plane of the flavylium nucleus.
. NLBF conformational family (Figure 9) — This conformation was characterized
by overlap ofthe aromatic moieties such that the D ring is underneath the B ring
and the double bond ofthe cinnamoyl group was underneath the A and C rings.
In this conformation, the glucose ring was largely below the plane ofthe D ring.
. NLBR conformational family (Figure 9) — The NLBR conformation had an
overall round shape; and the D ring was underneath the B ring, but the rest of
the c0pigment group was not stacking with the A and C rings. The glucose and
galactose rings were above the plane ofthe flavylium ring system. The xylose
ring was situated behind the B and D rings.
NLD conformational family (Figure 10) — The NLD family also sacrificed
arene— arene interactions for carbohydrate—arene interactions. The D ring was
stacked underneath the xylose ring, and the glucose ring was underneath the A
56
and C rings.
NRDl conformational family (Figure 10) — This family was very similar to the
FRDl family, save for the orientation of the flavylium ring system. The D ring
was behind the A and C rings.
NRD2 conformational family (Figure 10) — This family was characterized by
carbohydrate—arene interactions, as were most ofthe D families. The D ring
was behind the flavylium nucleus and interacted with the xylose ring; while the
glucose residue was stacked underneath the B ring. In the case of 3,4,5-TCIN-
X, the D ring interacted with the galactose ring in the absence ofxylose.
NRACDl conformational family (Figure 11) - This family was the one most
frequently predicted for cinnamoylated anthocyanins using the current QMD
protocol. The D ring was stacked underneath the A and C rings, and the
cinnamoyl double bond was at the junction ofthe C and B rings. The xylose
ring was above the flavylium ring system. It was very similar to the NRACD2
family, but the appearance ofthe carbohydrate backbone was more compact
when viewed fi'om the front (galactose ring in back) with the oxygen on the C
ring facing the viewer.
m. NRACD2 conformational family (Figure 11) — This family was found only for
n.
3,4,5-TCIN and was similar to the NRACDl family; however, the D ring was
closer to the C ring than the A ring in this conformation.
NRACFl conformational family (Figure 11) — This family was on a continuum





to the flavylium nucleus. The NRACFl family had the D ring underneath the A
ring ofthe flavylium nucleus.
NRACF2 conformational family (Figure 11) — This family was differentiable
fi'om the NRACFI family based on the orientation of (01. This family, found
only for 3,4,5-TCIN, consisted of a single conformer in which O-5Gal and O-6Gall
were 180° apart from one another. Based on previous QMD simulations in
methanol (6 = 32.63 D) on the same set of compounds,36 it was believed that the
TG conformation for galactose would preclude effective pi overlap. However,
this conformer proved that, in principle, interaction of the aromatic groups was
possible when galactose adopted a TG orientation.
NRACRl conformational family (Figure 12) — As the name suggests, this
conformer had an overall round shape, with the D ring stacking underneath the
B ring and the cinnamoyl double bond not interacting with the flavylium
nucleus. The xylose ring was below the plane of the flavylium ring system and
behind the D ring, facing its edge.
NRACUR conformational family (Figure 12) — The NRACUR family had an
overall round shape; and the galactose ring was fully above the plane of the
flavylium nucleus. The D ring stacked underneath the A and C rings; and the
xylose covered the other face ofthe A and C rings.
NRACU conformational family (Figure 12) — This family was differentiable
fi'om the NRACUR family by the placement of galactose ring, which was not as
far above the plane ofthe flavylium ring system. In addition, the shape of the
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carbohydrate backbone was not as round. The B ring stacked underneath the A
and C rings; and the xylose ring covered the top face of the A and C rings.
8. FRD2 conformational family (Figure 13) — The FRD2 family was characterized
by the replacement of carbohydrate—arene interactions for arene—arene
interactions. In this conformation, the D ring was fully behind the flavylium
nucleus and faces the xylose ring. In addition, the glucose ring was underneath
the A and C rings.
t. NRACR2 conformational farme (Figure 13) — This family was found only for
3,4,5-TCIN-X. It was similar to NRACRI, in that it had a shape that was best
described as round; and the D ring was stacked underneath the A and C rings.
However, examination of the torsion angles revealed that this conformation is
very different from the fold ofthe NRACRl family.
2. Conformational families: 3,4,5-TMBENZ 9.
The QMD model of 3,4,5-TMBENZ yielded 362 conformers subdivided into
nine families. The removal oftwo carbon atoms in the intramolecular copigment
group sometimes resulted in a different placement of the D ring and thus a different
family designation. However, many similar families were found despite the
difference in the copigment. The conformational families predicted for 3,4,5-
TMBENZ are shown in Figures 14-16. Similarities ofthe 3,4,5-TMBENZ
conformers to the conformational families of cinnamoyl anthocyanins are noted.
a. TMBENZ-NLAC conformational family (Figure 14) — This conformational
family bore little resemblance to those of the cinnamoyl anthocyanins. When
59






























































































































































the galactose residue was oriented so that O-5 pointed toward the acyl group,
the galactose residue was nearly coplanar with the flavylium nucleus. The D
ring was stacked underneath the C ring and the single bond between the B and C
rings.
TMBENZ-NLB conformational family (Figure 14) - The NLB conformational
family was similar to the NLD family found for the cinnamoylated
anthocyanins. The glucose ring was stacked underneath the B and C rings; and
the D ring was partially underneath the B ring.
TMBENZ-NRACDI conformational family (Figure 15) — This family was
similar to that ofthe same name found most often for the cinnamoyl
anthocyanins. The D ring was stacked underneath the A and C rings; and the
glucose ring was underneath the B ring.
TMBENZ-NRACRI conformational family (Figure 15) —This conformation was
similar to that found for the cinnamoylated anthocyanins. The sugar backbone
had an overall round shape; and the xylose ring was behind and lower than the A
and C rings. The D ring was underneath the A ring, but it did not stack in a
plane parallel to the A and C rings.
TMBENZ-NRACU conformational family (Figure 15) — This family was also
similar to that found for cinnamoyl anthocyanins; however, the D ring did not
reach as far underneath the A and C rings. The xylose ring was situated over the
A ring of the flavylium nucleus.
TMBENZ-NRACUR conformational family (Figure 15) — This family displayed
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the common structural motifs ofthe rounded sugar backbone and the galactose
ring above the plane of the flavylium nucleus, with the xylose ring folded over
the A and C rings. However, the benzoyl version of this conformer differed in
the position ofthe D ring, which sat underneath the edge ofthe C ring and the
bond between the C and B rings.
. TMBENZ-NRACFI conformational family (Figure 16) — This family was
similar to the NRD] and NRD2 families. The D ring was situated underneath
the A and C rings, and the glucose ring was near, but not firlly underneath, the B
ring. The xylose ring was behind the A ring and facing H—4.
TMBENZ-NRDl conformational family (Figure 16) — This family was similar
to others bearing the same name. The D ring was behind the A and C rings. In
contrast to the NRD] conformation for the cinnamoyl anthocyanins studied, the
glucose ring was situated underneath the B ring in this conformation.
TMBENZ-NRD2 conformational family (Figure 16) — This conformation had
the D ring fiilly behind the A and C rings and stacked face-to-face with the
xylose ring. That feature was a hallmark of the NRD2 conformation.
The QMD-generated model of 3,4,5-TMBENZ did not include any flipped
structures. The lack of flipped conformers was consistent with previous simulations of
this molecule; however, a few flipped structures were observed with 3,4,5-TMBENZ
simulated in a dielectric continuum of methanol. Benzoylated anthocyanins could adopt
flipped conformations that meet the QMD energy criterion if they were manually
generated. By iteratively adjusting torsion angles to match a known cinnamoyl
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conformer and minimizing the energy of the resulting structure, flipped benzoyl
conformers were generated. Thus, the lack of flipped conformers ofbenzoylated
anthocyanins was a consequence of the protocol used and not the structure of the
molecule.
3. Conformational families: cyanGXG 10.
CyanGXG was the non-acylated anthocyanin considered in this study. The
conformational preferences of this molecule were different than the other anthocyanins
studied because ofthe lack of a second aromatic group. The QMD protocol yielded 478
conformers that were subdivided into twelve families. The family designations were
somewhat different because the glucose residue takes the place of the aromatic acyl
group in orienting and naming each family. Thus, cyanGXG families may not resemble
the conformational families of cinnamoylated or benzoylated families bearing the same
family designation. However, similarities to other families are noted where appropriate.
The representative structures for the cyanGXG conformational families are shown in
Figures 17—19.
a. CYAN-FRAC1 conformational family (Figure 17) — This family resembled the
FRBF, FRDl and FRD2 families found for the acylated anthocyanins studied.
The glucose ring was stacked underneath the A and C rings. The xylose ring
was behind and above the plane ofthe flavylium ring system.
b. CYAN-FRAC2 conformational family (Figure 17) — The conformations ofthe
CYAN-FRAC1 and CYAN-FRAC2 families were similar, but examination of
the torsion angles revealed differences between them. The carbohydrate
75














































































































































backbone was more extended in the CYAN-FRAC2 family. However, the
glucose ring was still situated below the A and C rings.
CYAN-FRD conformational family (Figure 17) — This family resembled the
FRBU family of cinnamoylated anthocyanins. The xylose ring was positioned
over the B ring, and the glucose ring was behind the A and C rings.
CYAN-FUAC conformational family (Figure 17) — In this conformation, the
glucose ring was situated underneath the C ring of the flavylium nucleus, and
the arrangement of the glucose and galactose rings appeared to be “co-linear”
when viewed as described in the classification procedure.
CYAN-FUB conformational family (Figure 17) — This family had a vertical
arrangement of the sugar residues, similar in appearance to the CYAN-FUAC
family. However, structures in this family had an overall right-to-left tilt, and
the glucose ring was stacked underneath the B ring.
CYAN-NLACI conformational family (Figure 18) — There were three families
found for cyanGXG that were classified as NLAC. The CYAN-NLAC1
conformational family had a horizontal orientation for the three sugar residues
as a unit. The galactose, xylose and glucose rings were all lower than the plane
formed by the A and C rings ofthe flavylium nucleus. The glucose ring was at
the lower left when viewed from the front (facing O-l) and was stacked
underneath the A and C rings.
CYAN-NLAC2 conformational family (Figure 18) — In the CYAN-NLAC2
conformational family, the xylose ring was above the plane of the flavylium ring
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system and the glucose ring was beneath it, stacked with the A and C rings.
CYAN-NLAC3 conformational family (Figure 18) — The CYAN-NLAC3
family was very similar in appearance to the CYAN-NLAC2 family. The two
conformations differed in the orientation of (1)3. Based on the conformation of
CYAN-NLAC3, one would expect to see ROEs between H-lGlc and H-SG‘”,
while for CYAN-NLACZ the chiefROE from that glycosidic linkage would be
between H-lGlc and H-6proSG‘”. Due to the significant consequence of this
conformational difference, two separate families were formed.
CYAN-NRB conformational family (Figure 19) — The CYAN-NRB family
differed from the CYAN-NUB family in two ways. First, the orientation ofthe
galactose residue relative to the flavylium ring system was shifted
approximately fifty degrees in a counterclockwise direction. And the orientation
of the galactose hydroxymethyl group was also different, which compensated
for the altered orientation ofthe galactose ring and allowed the glucose ring to
stack underneath the B ring.
CYAN—NRD conformational family (Figure 19) — This family was very similar
in conformation to the NRACUR families of the acylated anthocyanins studied.
The xylose ring was folded over the A and C rings and the glucose ring was
behind the B ring.
. CYAN-NUB conformational family (Figure 19) — In this conformation, the
xylose ring was situated directly above the galactose ring and the galactose ring
was above the glucose ring, which was stacked underneath the B ring.
90
l. CYAN-NUD conformational family (Figure 19) — The CYAN-NUD family is
similar in appearance to the CYAN-NUB family, save for the orientation of 001,
which directs the glucose ring beneath the region of space between the B and C
rings.
B. Evaluation ofthe Models: General Considerations.
Some ofthe conformational families were found for all ofthe acylated
anthocyanins, as well as cyanGXG (See Tables 4—8 for family statistics). These
included the FRBU and NRACUR families (CYAN-FRD and CYAN-NRD,
respectively), as well as the FRBF family (CYAN-FRAC1). However, it was evident
from the distribution of the conformers predicted for acylated anthocyanins by QMD
that the results were weighted heavily in structures with a high degree of aromatic
surface overlap or surface complementarity, as well as surface overlap in general. This
suggested that the molecular mechanics approach described herein may have
overvalued van der Waals interactions. In the absence of xylose, as was the case for
3,4,5-TCIN-X, the NRACDl conformer was on average two kilocalories per mole
lower in energy than any of the other conformers predicted; and more than eighty
percent ofthe conformers resulting from the QMD experiment were in this family.
In addition, among acylated anthocyanins, the number of families predicted was
strongly influenced by the nature of the acyl group and the presence ofthe xylose
residue. Thus, more atoms or more degrees of freedom, translated into greater
flexibility and more conformational families. Eighteen structural families were
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the overall number of conformers predicted was comparable. If these models
represented realistic solution behavior, this evidence would suggest a significant role for
the xylose residue. However, color stability data for 3,4,5-TCIN and 3,4,5-TCIN-X
indicated that the presence or absence of the xylose residue did not affect color stability
to a great extent. That color-stability data fiirther suggested that conformers in which
the xylose ring shields the upper face ofthe flavylium nucleus were not persistent or
were not populated to a significant extent in solution.
The models predicted a large number of nonflipped conformers and relatively
few to no flipped conformers. The duration ofthe QMD experiment and sampling were
intended to aid the system in reaching equilibrium and prevent the overabundance of a
single type of conformation based on the starting structure. There was also the failure
ofthe model to predict any flipped conformers for 3,4,5-TMBENZ. These conformers
were created outside of the QMD regime, but are seldom predicted within it. All of this
evidence led to the conclusion that the QMD protocol cannot be used to reproduce the
potential energy surfaces ofthese molecules, but rather it was a tool to explore available
conformational space. The second component of this modeling approach was the
validation of QMD-derived structures with NMR data. In this step, the models were
reconciled with reality and a few conformations emerged from the many that satisfied
the N1\/IR—derived restraints.
C. NMR: General Features.
The NMR spectra of these acylated anthocyanins in D20 or methanol-d4 shared
many features in common.47 (For NMR data on a series of similar anthocyanins in
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methanol-d4, see Chapter 2). There were several characteristic ROEs seen in these
compounds that confirmed the specific connectivity of each residue. These included the
ROESY crosspeak between H—lGal and H-4 that confirmed the attachment of galactose
at C-3 of the flavylium nucleus, the ROESY crosspeak between H-lXyl and H-ZG“‘l that
confirmed the position of the xylose branch, and the ROESY crosspeak between H-
6BGall and H-lGlc that determined the point of attachment ofthe glucose residue. In
addition, there was a medium-to-weak ROESY crosspeak between H-lGal and H-7D (on
the double bond ofthe cinnamic acid). This ROE was a consistent feature of these
cinnamoylated anthocyanins in water and methanol. Furthermore, the ROESY
spectrum of 3,4,5-TMBENZ displayed a through-space interaction between H-lGall and
H-2D or H-6D. These protons were comparable to H-7D in the distance from the ester
linkage, which suggested a similar spatial relationship between H-lGal and the benzoyl
and cinnamoyl esters studied. In addition, some compounds exhibited weak ROEs
between H-S' (on the B ring) and resonances on the xylose ring, as well as weak ROEs
between H-5' and methyl resonances on the D ring.
From the 1H NMR spectrum, it was obvious that the chemical shift ofH—4
moved upfield upon acylation. In addition, the chemical shift ofH—8 moved upfield in
the presence of a cinnamoyl copigment. These changes in the NMR spectrum were
evidence ofthe proximity of the flavylium nucleus and the copigment. In addition,
there was a pattern in the coupling constants for the H-6 resonances ofgalactose and
glucose. In both methanol and water environments, the H-6 resonances followed a
trend that held for most of the acylated anthocyanins studied. The observed coupling
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constants suggested that the hydroxymethyl group of glucose spent a significant amount
oftime in the GG orientation. H-6AGlc (the more downfield resonance) was a doublet
of doublets with a small coupling constant (~2.0 Hz) to H-SG'c. H-6BGlc exhibited the
same pattern, but 3JH5-H53 is slightly smaller (~l .6 Hz). Using these values, the
populations ofGG, GT and TG rotamers was estimated. In this case, the stereospecific
assignment ofthe prochiral resonances was not absolutely necessary to determine the
orientation of O-5Glc to O-6G‘°. However, based on these calculations and recalculation
of average coupling constants based on the derived populations, the data best fits the
interpretation that H-6AGlc is proS and H-6BGlc is proR.
The same type of reasoning was applied to the galactose residue to identify the
predominant orientation of O-5Gal to O-6G‘“. The H-SG“ resonance was typically found
near the H-lGlc resonance in the NMR spectra of acylated anthocyanins and was almost
always a first-order multiplet. It appeared either as a broadened doublet or doublet of
doublets, where the observed coupling constants were attributed to the H-6 resonances
of galactose. In methanol-d4, there was an ROE between H-4Gal and H-6BGall that was
consistently observed for similar anthocyanins (Chapter 2). In D20, the coupling
constant pattern was very similar, but the H-4G“"—H-6BGal ROE was much weaker or not
present. However, some ofthe compounds in D20 exhibited an ROE between H-SGall
and H-6BGal that confirmed the proximity between the two protons. These observations
taken together allowed the assignment of H-6AGal and H-6BGall as proR and proS,
respectively. The assignments facilitated the determination ofthe relative populations
of GG, GT and TG conformers for galactose. Based on the values of coupling it was
100
obvious that a gauche—trans conformation predominated in solution.
The importance of these assignments should not be overlooked. The
information gleaned from the coupling constant information was consistent in both
aqueous and methanolic environments. This suggested that the acylated anthocyanins
studied adopt similar conformations in both solvents. In addition, these coupling
constant relationships did not change much over a range of concentration in aqueous
solution. It was reported that anthocyanidins tend to aggregate in solution, and that
cinnamoyl anthocyanins exist as single molecular species in aqueous solution at
concentrations of 10'5 M.12 Furthermore, Gakh et al. demonstrated that the steady-state
NOE spectrum of 3,4,5-TCIN in methanol shows evidence of spin diffusion with
increased concentration or decreased temperature.48 However, the trends in key
coupling constants indicated that regardless ofthe “molecularity” ofthe anthocyanin
species in solution, the conformation ofthe carbohydrate backbone was consistent.
D. Application ofNMR-derived Restraints.
In order to validate molecular models generated from QMD, predicted
interproton distances and angles were compared with NMR data. However, care must
be taken in applying restraints, especially to flexible molecules. If the NIVIR-derived
restrains were the result of an ensemble of different conformations in solution, the
application of all of the NMR-derived restraints simultaneously may lead to a “virtual”
conformation that fit the data but did not exist in solution.49 With the anthocyanins
studied in this series, there was also the possibility for aggregation at certain
concentrations. This fact served to undermine the meaning of a structure or ensemble
101
of structures validated by NIVIR distance restraints.
Moreover, as the data in Tables 9—13 indicated, all of the conformational
families met 75% of the NMR distance criteria and greater than 50% ofthe long-
distance restraints. One could focus on a core set of long-distance restraints that contain
interactions that are truly residue-to-residue contacts. These select long-distance
restraints may be still tainted by the possibility of interaction between two or more
molecules. Instead ofNOE restraints, the application oftorsion restraints to the
anthocyanins studied here should provide insight into which ofthe QMD-generated
structures are most likely to be found in solution. Based on the calculated conformer
distributions for the galactose and glucose residues,5o the minimum probability of
finding a conformer in solution that meets both torsion restraints in solution
simultaneously was seventy-two percent. Similarly, the probability of finding a
conformer in solution that met neither of the torsion restraints was two percent. Thus, a
set of probable solution conformations was accessible by excluding all conformational
families that did not meet at least one ofthe torsion restraints. Moreover, the
conformational families that met both ofthe torsion restraints simultaneously may
resemble the predominant solution conformation or conformations.
The application of torsion restraints as described above did reduce the number of
conformational families to consider. In the case of 3,4,5-TCIN, the application ofthe
torsion restraints reduced the total number of conformers to 193, which was less than
forty percent of the original set of conformers within 5 kcal of the global minimum
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eleven. The results for all of the acylated anthocyanins are summarized in Table 14.
Not only did the torsion restraints reduce the number of families to consider, they also
identified two families that met both ofthe torsion restraints simultaneously. These
families, FRACR (Figure 7) and NRACRI (Figure 12), were found for all three ofthe
cinnamoylated anthocyanins, but not for 3,4,5-TMBENZ (QMD did not predict flipped
conformers for 3,4,5-TMBENZ).
Closer examination of the two families revealed that one ofthem, FRACR, met
most or all ofthe NMR-derived distance restraints for each molecule, and also
explained other NMR data as well. In this conformation, H-lxy' and H-ZGa‘l were 2.7 A
apart, in agreement with the ROE that was commonly detected for anthocyanins of this
type bearing a xylose residue (see Figure 20, arrow 1). In addition, the FRACR




Families That Met Torsion Restraints Families That
Anthocy . Dld Not Meet
amn . . . . Torsion
No. Conformers No. Farmlres Families Rest . ts
rain
11 FRACRb
3,4,5-TCIN 6 193/513 11/18 ’ FRBF2, FRBU,
3,4,5-TCIN-X 7 121/706 5/7 FRBFl, FRDI, NRACDl
FRD2, NLBF, NRACD2,
4-FCIN 8 277/517 9/12 NLD, NRACF 1 , NRACF2 >
3 4 5 TMBENZ NRACRI’ NRACR2,
’ ’ ' 232/362 7/9 NRACUR, NRDl, NRACU
9 NRD2    
a. The number of conformers that met one ofthe two torsion restraints are expressed as




conformation supported the ROE between H-lGlc and H-6proSGa', which was a
persistent feature in the ROESY spectra of acylated anthocyanins in water and methanol
(arrow 2). This conformation also served to explain the medium-to-weak ROE between
H-lGal and H-7D, while also shedding light on the lack of an ROE between H-lGal and
H-8D (arrow 3). In this conformation, the overlap ofthe flavylium nucleus with the D
ring was centered underneath the C ring, and the double bond ofthe cinnamic acid
residue was behind the A and C rings. This type of overlap would result in a change in
the chemical shift ofH-4, as it would be in close proximity to the shielding region of the
double bond or the aromatic ring (arrow 4). In addition, the D ring would be in close
proximity to H-8, and thus affect its chemical shift as well (arrow 5). The FRACR
conformation also explained the weak ROEs seen between H-5' and proton-bearing
substituents on the D-ring (arrow 6) and the ROEs between H—5' and ring protons of
xylose (arrow 7). All of the NIVIR evidence described above validated the static model
that was arrived at independently, using torsion restraints. Together, the two sets of
NMR data created a compelling snapshot of a monoacylated anthocyanin in solution
that was independent of concentration and of solvent conditions.
E. Extended Molecular Dynamics Simulations.
Another component of the molecular modeling protocol as applied to the
anthocyanins produced by D. carota was an extended molecular dynamics simulation.
The starting structure for this simulation was a “D” structure, which was not biased by
interaction with any of the rings ofthe aromatic system.35 The simulations were
performed at 400 K for five nanoseconds, and were intended to provide a snapshot of
113

Figure 20. The structure of conformer FRACR showing the specific points of





the molecules’ behavior in solution. The NRD family was common to all of the
anthocyanins in this study and was chosen as the starting structure. For all of the
acylated anthocyanins, the NRD2 conformer that met the most distance restraints and
was lowest in energy was chosen as the initial structure for the molecular dynamics
simulations. Previously, the torsion angles (b1 and 1111 were used to monitor the
dynamics trajectory, specifically to detect conformational changes such as transitions
from nonflipped to flipped structures.35’36 However, for the purposes ofthe current
study, the torsion angles (01 and 603 were monitored instead. Based on the insights
gained from imposing torsion restraints on the QMD families and the firm experimental
basis ofthose restraints, these angles served as sensitive probes of the “reality” of the
resulting dynamics trajectories.
The MD trajectory of 3,4,5-TCIN 6 (Figure 21) revealed greater predicted
flexibility for 3,4,5-TCIN than for the other cinnamoylated anthocyanins. There was no
stretch of the trajectory in which the m1 and (03 torsion angles simultaneously adopted
the orientations predicted from the NMR data. Between 0 and 3 ns, the molecule
populated several conformations, including NLBR, NLACR, NRACDl, the
NRACF/NRD families and NRACU. From 3 ns to the end ofthe trajectory, the
molecule spent most of its time in the NRACDl conformation, with two brief periods in
the NRACF/NRD conformation.
The MD trajectory of 3,4,5-TCIN-X (Figure 22) was similar to the QMD results
in that the NRACD conformer was predominant. There were two brief periods when
NRACF/NRD conformers were present and a brief period where the NRACR
119

Figure 21. S-ns Molecular dynamics trajectory of 3,4,5-TCIN 6
The tie lines identify the predominant solution conformation as determined by
coupling constants. For galactose, the GT conformation is highlighted (001 = 60°).
Based on coupling constants, ninety percent ofthe galactose residues populate this
conformation in aqueous solution. Glucose is predicted to populate the GG
conformation ((1)3 = -60°), with seventy-two to eighty percent of the molecules in
















































































Figure 22. 5-ns Molecular dynamics trajectory of 3,4,5-TCIN-X 7
The tie lines identify the predominant solution conformation as determined by coupling
constants. For galactose, the GT conformation is highlighted ((01 = 60°). Based on
coupling constants, ninety percent of the galactose residues populate this conformation
in aqueous solution. Glucose is predicted to populate the GG conformation (0)3 = —60°),





















































































conformer was present. It highlighted the gulfbetween the predicted solution behavior
and actual behavior as inferred from the NMR data.
In contrast to 3,4,5-TCIN-X, 4-FCIN (Figure 23) spent most of its time in the
NRACF/NRD continuum of conformations. The D ring moved back and forth
underneath the A and C rings and towards the xylose residue, occasionally moving far
enough from the A and C rings to rotate about the D1—D7 carbon—carbon bond. Twice,
the molecule adopted a conformation in which the glucose ring was underneath the A
and C rings and the D ring was at the back of the molecule facing the galactose ring.
The NRACD-type conformers were also populated at the beginning and end of the
trajectory. The NRACF/NRD-type conformers were consistent with one ofthe torsion
restraints and some ofthe ROE restraints; and thus were possible conformers in the
ensemble of conformations that existed in solution. However, the model was not able to
show a dynamic link between the FRACR and NRACF/NRD conformations.
The MD trajectory of 3,4,5-TMBENZ (Figure 24) displayed bimodal behavior
for (03. In the first half of the trajectory glucose populated the GG conformation, and
the other halfwas dominated by the GT conformation. This was the best dynamic
model of glucose (as part ofthe carbohydrate backone) afforded by this protocol,
although the GGzGT ratio was not quite in agreement with the experimental ratio. Also,
the predicted conformation of (01 did not agree with experimental data.
The MD trajectory of cyanGXG (Figure 25) also did not accurately reproduce
the experimental coupling constants for the galactose H-6 resonances. The other
carbohydrate torsion angles remained within normal limits, with some flexibility, save
129

Figure 23. 5-ns Molecular dynamics trajectory of4-FCIN 8
The tie lines identify the predominant solution conformation as determined by
coupling constants. For galactose, the GT conformation is highlighted ((01 = 60°).
Based on coupling constants, ninety percent of the galactose residues populate this
conformation in aqueous solution. Glucose is predicted to populate the GG
conformation (0)3 = —60°), with seventy-two to eighty percent of the molecules in




























































































Figure 24. S-ns Molecular dynamics trajectory of 3,4,5-TMBENZ 9
The tie lines identify the predominant solution conformation as determined by
coupling constants. For galactose, the GT conformation is highlighted ((01 = 60°).
Based on coupling constants, ninety percent of the galactose residues populate this
conformation in aqueous solution. Glucose is predicted to populate the GG
conformation ((03 = -60°), with seventy-two to eighty percent of the molecules in


















































































Figure 25. 5-ns Molecular dynamics trajectory ofcyanGXG 10
The hydroxymethyl conformations of cyanGXG closely resemble those of the
respective monosaccharides in solution. The tie lines highlight the two predominant


































































one. The llll torsion angle persisted at values greater than 60° or less than —60°.
Removal of the acyl group improved the predictive ability for the glucose
hydroxymethyl conformation; however, this torsion angle was no longer a part of the
backbone of the molecule.
Because unrestrained molecular dynamics failed to reproduce the physical data
observed for these molecules, several attempts were made to use restrained molecular
dynamics to visualize solution behavior. Flat-bottomed and cosine restraints were
applied to (01 and (03 to force them to remain in GT and GG conformations,
respectively. As was expected from the unrestrained MD simulations, the galactose
residue required very little restraint to maintain the GT conformation. However, during
the equilibration period or early in the simulation, the glucose residue adopted the GT
conformation and remained there for the rest ofthe simulation. The result of the
applied restraints under these conditions was to immobilize the molecule outside the
desired restraint and render it relatively motionless during the simulation. In addition,
simulations at 298 K were also attempted, but these resulted in the same conformational
behavior.
F. Evaluation ofModeling Protocol.
The results of the molecular dynamics simulations highlighted a feature of the
modeling protocol that was discussed previously in this chapter. The model tended to
favor conformers in which surface overlap or surface complementarity was maximized.
The NRACDl conformational family—the most populated family for the
cinnamoylated anthocyanins—was refiited by the NMR-based torsion restraints.
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Moreover, the QMD results for cyanGXG showed no structures with a TG orientation
for galactose, and only three of the families predicted lacked stacking between the
glucose residue and the flavylium ring system. All of the families predicted for
cyanGXG contained carbohydrate—arene interactions of some nature, either via glucose
or xylose. It was apparent that the modeling protocol employed in this study was not
able to replicate many ofthe microscopic interactions in these molecules. However, it
was not surprising that a molecular mechanics approach would fail in this regard, since
it cannot replicate interactions that include quadrupoles ofthe aromatic groups, orbital
mixing and charge-transfer interactions, or discrete electrons, some ofwhich may be
important to the arene—arene interactions in these molecules. In addition, a better
approximation of the conformational preferences of carbohydrate hydroxymethyl
groups would also be desirable. In order to render the molecular mechanics approach
here realistic, modifications should be made.
Shortcomings notwithstanding, the QMD model was able to generate a single
conformer that fits nearly every piece ofNMR evidence gleaned from these molecules.
And, this conformer was consistently predicted for all of the anthocyanins bearing
cinnamic acid copigments. That in itselfwas no small feat and served to verify that the
QMD protocol fulfilled its basic objective in producing a series of conformers that were
further screened to arrive at a probable solution conformation. From that perspective,
the QMD protocol used in this study was successfiil as a conformational search tool, but
the model failed to reproduce dynamic solution behavior. Thus, it could be used to
arrive at probable conformations of novel anthocyanins.
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G. Evaluation ofFRACR Family for Rational Design.
The FRACR conformational family is validated by most, if not all, of the NIVIR
data available for this series of compounds. The analysis of carbohydrate torsion angles
in aqueous and methanolic solutions firrther confirmed that the FRACR conformation is
populated to a significant extent solution. Thus, the FRACR conformation could also
serve as a useful template for the rational design of novel anthocyanins with increased
color stability. There were several guiding principles gleaned from this three-
dimensional structure. Based on the orientation ofthe copigment with respect to the
flavylium ring system, the cinnamic acid copigments were more effective in stabilizing
the anthocyanin towards hydration because they permitted more effective and persistent
overlap with the flavylium cation. This hypothesis was supported by the NIVIR data for
benzoyl anthocyanins vs. cinnamoyl anthocyanins in that the H-4 resonance was shifted
upfield in both cases; but H-8 experienced an upfield shift only when a cinnamoyl
copigment group is present.47 While the D ring was underneath the A and C rings, H-4
is still shielded by the double bond of the cinnamic acid. Figures 26 and 27 display the
FRACR family representative structures alongside a generated 3,4,5-TMBENZ-FRACR
conformer.
If one follows this hypothesis, then the double bond of the cinnamic acid was as
important or more important in its fiinction as part ofthe linker than as an interacting pi
surface. It allowed the electron rich D ring to achieve more effective and persistent
overlap with the A and C rings of the flavylium cation. Thus, the principal feature of
the copigment that influences the color stability of the anthocyanin is the electron
145


































































































density ofthe D ring. This conclusion agrees well with work by Redus et al.13 The
FRACR model does not allow for specific comment on the suitability of cis-cinnamic
acids as copigments. George et al. demonstrated that in two cases, anthocyanins
bearing cis-p-coumaric acid were more color-stable than identical anthocyanins bearing
trans-p-coumaric acids2 Comparison of molecular models of one of the cis—trans pairs
suggested that the difference may be due to the a more planar orientation of the cis-acid
copigment relative to the trans-acid as part of the folded anthocyanin structure. The
anthocyanins compared by George et al. have a single carbohydrate residue in the
linker, as compared to the two residues that form the carbohydrate backbone for the
monocinnamoylated anthocyanins discussed in this dissertation. Thus, the molecules
may not be similar enough to permit extrapolation of the results to anthocyanins from
D. carota.
The concept ofthe “suitability” of the linker or spacer in influencing the
effectiveness of copigmentation with an aromatic acid was recognized by Dangles et al.
in the comparison ofthe diacylated anthocyanin gentiodelphin (11) (Figure 28) with the
monoacylated anthocyanin, alatanin C (5).53 Based on the results of the current study,
not only is the length ofthe spacer important to the interaction of anthocyanidin and
aromatic acid, but also the specific orientation or geometry of interaction between the
two aromatic moieties.
There were other families that fell within the broad range of possible solution
conformations of hydroxymethyl groups for galactose and glucose; however, the NIVIR
evidence demonstrates that a single GT/GG (galactose/glucose) conformation was
155
 
Figure 28. Structure of gentiodelphin (11)
selected to a large extent by the arene—arene interaction. Moreover, this conformation
was consistent across a broad range of similar compounds, largely irrespective ofthe
identity ofthe aromatic acid or the solvent. Previous studies in methanol-d4 on similar
anthocyanins revealed that this trend in conformation, as evidenced by carbohydrate H-
6 coupling constants and the upfield shift ofthe H-4 resonance, was not as pronounced
for anthocyanins bearing electron-poor benzoic acid derivatives and 3-phenylpropionic
acid.47 The H-6 coupling constants and chemical shift ofH-4 for these compounds
more closely resemble those for cyanGXG, indicating that the strength of the
intramolecular copigmentation reaction was not sufficient to produce as large a shift in
the solution conformation. The benzoic acid c0pigments did not have the proper spacer
length for optimal interaction with the flavylium ring system, and 3,4,5-
trimethoxybenzoic acid may interact in a less than optimal geometry promoted by the
electron density of the aromatic D ring. 3-Phenylpropionic acid was at an energetic
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disadvantage (~ 2.4 kcal) for prolonged interaction of the D ring with the planar
flavylium ring system as compared to cinnamic acid, and lacked an electron-rich D ring
which might overcome this disadvantage to some extent.
VI. Review and Future Work.
The models ofthe acylated anthocyanins generated using QMD include twenty
possible conformers; and a subset of these structures was reproduced by molecular
dynamics simulations at 400 K. When the QMD results were evaluated using NMR-
derived torsion angle restraints, one-third to one-half of the predicted families were
eliminated from consideration, and two conformers are singled out. Based on
calculations of hydroxymethyl rotamer populations, one or both of these conformers
were populated more than seventy percent ofthe time in aqueous solution. One of the
two conformers, FRACR, fit nearly all of the ROE evidence, was consistent with the
most likely conformations about the glycosidic linkages based on the exo-anomeric
effect, and explained trends in chemical shifts seen for H-4 and H-8 of the flavylium
ring system when an aromatic acid copigment was covalently attached. The FRACR
conformation arrived at by the torsion angle refinement ofthe QMD results could also
function as a rational design template. This conformation rationalized past observations
about the differences between the color stability of cinnamoyl anthocyanins vs. that of
benzoyl anthocyanins. 13
Ten new anthocyanins, including two that contain a napthyl ring system as a
cinnamic acid equivalent, have not been evaluated (see Chapter 2). The color stabilities
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ofthese compounds have yet to be determined; and these data should be reconciled with
the proposed model prior to the design and testing of new compounds. The focus of
rational design for these anthocyanins may lie in tuning the chemical structure of the
copigment group to optimize color stability. This approach would require a better
understanding ofthe mechanism of stabilization, which returns to the question of arene—
arene interactions.
These results further indicated that the molecular modeling protocol employed
in this study was not sufficient to describe the dynamic solution conformations of
anthocyanins with or without attached aromatic groups. Part of the shortcoming was
attributed to the poor theoretical description of arene—arene interactions in these
molecules. Although the static model resulting fi'om this work explained several pieces
of physical data, an accurate dynamic model, or a more rigorous static model could
begin to address nuances of solution behavior. Since the geometry ofthe aromatic
overlap for the monoacylated anthocyanins from D. carota was identified, semi-
empirical calculations involving only the fiill copigment moiety or D ring and the
flavylium ring system may yield more detailed information about arene—arene
interactions for a series of aromatic acids with cyanidin.
Moreover, as the arene—arene interaction in the monoacylated anthocyanins
studied served to select a particular conformation from the ensemble of solution
conformations, as demonstrated in 1H NMR by coupling constants, the energetics of
intramolecular copigmentation in these anthocyanin molecules may be accessible by
NMR measurements. Future work in this area should include NMR studies as well as
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other spectroscopic measurements directed towards understanding the arene—arene
interactions in these systems.
VII. Conclusions.
The work described herein provided new insights into the solution structures of
anthocyanins with the general structure 3-0-{(6-O-acyl)-B-D-glucopyranosyl-(1—>6)-
[B-D-xylopyranosyl-(l—>2)]-B-D-galactopyranosyl}cyanidin. NIVIR-derived torsion
restraints indicated that a single conformational family (FRACR) was present at least
seventy percent ofthe time. This conformation provided a framework for explaining
most, if not all, trends in 1D and 2D NMR spectra, and explained trends in structure—
activity relationships. Specifically, the double bond ofthe cinnamic acid copigment
functioned as a part of the linker between the flavylium nucleus and the D ring; thus,
the D ring was the chief determinant of color stability. Moreover, ofthe multiple
geometries of interaction between the D ring and the flavylium ring system allowed by
the carbohydrate torsional preferences, one was selected to a great extent over all
others. This fact suggested that the arene—arene interaction occurred via a specific
geometric arrangement, and signified a starting point for fiirther studies of arene—arene
interactions in these compounds.
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Chapter 2. Characterization of Novel Anthocyanins Produced by
Daucus carota Cell Cultures Using NMR Spectroscopy and
Electrospray-Ionization Mass Spectrometry (ESIMS).
I. Background.
Previously, Dougall, Baker and co-workers demonstrated that a particular
subclone ofthe wild carrot (Daucus carota) accumulated anthocyanins in cell culture
with incorporation of supplied cinnamic acids.l These anthocyanins have the general
structure 3-0-{(6-O-acyl)-B-D-glucopyranosyl-(1—>6)-[[3-D-xylopyranosyl-(1—>2)]-B-D-
galactopyranosyl}cyanidin. A series of anthocyanins were produced under these
conditions and studied to determine structure and color stability in solution.2 The
knowledge gleaned from this study led to the selection of a second series of acids to
explore the relationship between copigment and color stability.3
These acids (Figure 29) represented an effort to firrther explore steric and
electronic factors that influence the color stability of monoacylated anthocyanins. The
finding that cinnamic acids were more effective copigments than identically substituted
benzoic acids suggested that the “exocyclic double bond” of cinnamic acid acted as an
extended pi surface that maintained more effective or more extended contact with the
flavylium nucleus in a face-to-face arrangement.“3 The motif ofthe extended pi surface
was explored through the incorporation of 3-napthalen-1-yl-acrylic acid (12),
naphthalene-2-carboxylic acid (13), 6-hydroxynapthalene-2-carboxylic acid (14), 6-
methoxynapthalene—2-carboxylic acid (15), and phenylpropynoic acid (16).











































benzo[b]thiophene-2-carboxylic acid (19) are constrained analogs of 2-
hydroxycinnamic acid (20) and were intended to probe subtle steric and electronic
effects. 2-Methylcinnamic acid (21) is also an analog of 2-hydroxycinnamic acid,
without the electron-donating capacity of the phenolic hydroxyl group. 2-
Ethoxycinnamic acid (22) and 2-isopropoxycinnamic acid (23) were intended to test the
limits of steric bulk at the ortho-position, in balance with electron-donating capacity.
2,4— and 3,5-Dimethoxycinnamic acid, (24 and 25), were included to probe differential
steric and electronic efiects. They complemented previously tested acids, 2-, 3-, and 4-
methoxycinnamic acid, 3,4,5-trimethoxycinnamic acid, and sinapic acid. Finally, 2,6-
dimethoxycinnamic acid (26) represented an entry into the 0,0-disubstituted series of
cinnamic acids and served to test the limits ofthe biosynthetic system, as well as the
effect of an electron-rich pi system and the potential compromise of copigmentation if
close approach ofthe cinnamic acid moiety to the flavylium nucleus is mitigated due to
inter- or intraresidue steric interactions.
II. Statement of the Problem.
The rational design of a “super” color-stable anthocyanin is dependent upon
understanding the relationship between the chemical nature of the intramolecular
copigment group and the resulting stability of the anthocyanin product. In addition, a
commercially viable anthocyanin colorant should be available in acceptable yield from
the biosynthetic system. Thus, a series of anthocyanins with novel acyl groups were
designed. D. carota cell cultures were tested with the novel acyl groups for
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anthocyanin accumulation. The anthocyanins were isolated from the cultures and
separated chromatographically. Novel anthocyanins were then characterized by ESIMS
and NMR spectroscopy. The results ofthis study provide insight into the limits ofthe
biosynthetic system in terms ofthe structures and the precise identities of the
anthocyanins produced. Thus, the specific aim of this study is to characterize the
structures ofnovel anthocyanins.
III. Results and Discussion
A. Identification ofNovel Anthocyanins.
Novel anthocyanins were isolated and purified by multiple steps of column
chromatography. Positive-ion mode ESIMS identified the major ion, which was then
compared with the mass ofthe expected product. Deviations from the expected mass
were then evaluated based on reasonable chemical transformations that would yield the
experimentally determined mass. The structural hypothesis thus formed was then
confirmed by 1D and 2D NIVIR techniques. The two structural modifications
encountered in this study were the incorporation of a hydroxyl group at the para-
position of cinnamic acids or its equivalent in the case of napthoic acid (net change in
molecular weight is +16 amu), and the absence ofthe xylose ring as a part of the
glycosylation pattern. This modification is reflected in a decrease in mass of 132 amu,
and is readily visible in the HSQC spectrum.
B. General lH NIVIR Assignments.
Assignment ofthe resonances ofthe flavylium nucleus was performed the same
164
 
Figure 30. Flavylium form of cyanin with atom labels; R = carbohydrate backbone
way for each anthocyanin. H-4 ofthe flavylium cation was generally the most
downfield singlet in the spectrum, although this was not always the case (see Figure
30). H-6 and H-8 have chemical shifts that were close in value and were found on the
upfield side of the aromatic region (6.4—6.8 ppm). These resonances disappeared over a
matter of days or weeks as they were in slow exchange with the solvent. They were
assigned based on the HSQC spectrum, and observed coupling relationships were used
if the HSQC data were inconclusive. The chemical shift for C-6 of cyanin as the
flavylium species is reported to be 102—105 ppm and C-8 is in the range 92—95 ppm.“’5
The protons on the B ring of the flavylium nucleus are part of a spin system in
which H-6' is the most downfield resonance and shows ame to H-5' (8.7—8.8 Hz) and
a Jmem to H2, although this was sometimes obscured by line broadening. H-2' was
next moving upfield from H-6’ and exhibited a coupling constant of 2.2—2.3 Hz,
confirming the meta-relationshipto H-6'. H-5' was the farthest upfield resonance in the
spin system. gCOSY experiments indicated a strong crosspeak between H-5' and H-6',
and their spatial proximity was also reflected in the presence of an ROE between them.
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The remaining aromatic resonances were by default attributed to the copigment moiety
and assigned using the same techniques described above. The H-7D and H-8D
resonances of cinnamic acid residues were assigned based upon similar, known
compounds.6
gCOSY and HSQC experiments proved most useful in assigning the
carbohydrate portion ofthe molecule. HSQC revealed the presence ofthree anomeric
resonances (13C chemical shifts >100 ppm and 1H chemical shifts 5.1-5.5 ppm) in the
cases where galactose, glucose, and xylose were all present. lH NIVIR spectroscopy
confirmed each sugar to be the B-anomer based on coupling constants.
The two-dimensional structures of the novel anthocyanins were postulated based
on precedent and confirmed by spectral evidence, i.e., ROEs that confirm the covalent
linkage oftwo residues (see tables in Appendix C for ROESY data). Galactose H-l had
a medium to strong ROE to H-4, demonstrating their proximity and confirming C-3 as
the attachment point for the carbohydrate portion of the molecule. H-lxyl had an ROE
to H-ZG‘“, confirming the (1——>2)-linkage. In addition, there was an ROE between H-lGlc
and H-6BGal that served to confirm the (1—+6)-linkage. The HSQC spectrum also
revealed three sets of methylene protons that were assigned as galactose H-6A and H-
6B, glucose H-6A and H-6B, and Xylose H-5A and H-5B (the letter A denotes the more
downfield resonance in each case). The intervening proton resonances on each
carbohydrate residue were assigned using gCOSY spectra.
The H—6proR and H-6proS resonances of galactose for the anthocyanins in this
study were assigned based on coupling constants and ROEs. Examination ofthe
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coupling constants for H-6AGall and H-6BGal to H-5Gal for the acylated anthocyanins
revealed that there was one large and one small coupling constant. This fact was
consistent with one of the protons on C-6Gal oriented gauche to H-5Gal and the other,
trans. Since there was an ROE between H-4 Gal and H—6BGall for all of the compounds
studied, the predominant conformation ofthe galactose hydroxymethyl group was GT.
Thus, H-6AGal was proR and H-6BGal was proS. The glucose H—6proR and H—6proS
resonances were assigned using the same assumption. Since both H-6 coupling
constants to H-5Glc were small (2.7 Hz or less), the hydroxymethyl group of glucose
populated principally the GG conformation in solution. However, the stereospecific
assignment was not crucial to determining the conformation in this case because both
protons were gauche to H-S.
C. 1H NMR Assignment of Individual Compounds. (See Figure 31 for the structures of
novel anthocyanins)
1. Assignment of 3-0-{(6-0-(E)-3-napthalen-1-yl-acroy1)-B-D-glucopyranosyl-(1—>6)-
[B-D-xylopyranosyl-(l->2)]-B-D-galactopyranosyl}cyanidin (27).
The mass spectrum of the purified compound demonstrated that the principal
component had m/z 923. This suggested that 3-napthalene-l-yl-acrylic acid was
attached to the anthocyanin isolated fiom the cell culture. The H-l 1D and H-12D
resonances were identified as belonging to a trans-alkene by their splitting (3JH-1 1941-121)
= 16.1 Hz). Seven aromatic resonances were left, and the assignment of these to the
naphthalene ring was complicated by the fact that there were two sets oftwo
overlapping resonances, as well as the potentially complex proton coupling
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R1 = H or B-D-Xylose Ham
OH
27 R1 = B-D-Xylose,
R2 = 3-Naphthalen-l-yl-acrylic acid
29 R1 = B—D-Xylose,
R2 = 6-Hydroxy-naphthalene-2-carboxylic acid
30 R1 = B-D-Xylose,
R2 = 6-Methoxy-naphthalene-2-carboxylic acid
Figure 31. Structures of novel anthocyanins
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31 R1 = B-D-Xylose,
R2 = Benzofuran-2-carboxylic acid
32 R1 = B-D-Xylose,
R2 = 2-Hydroxycinnamic acid
33 R1 = B-D-Xylose,
R2 = 4-Hydroxy-2-methylcinnamic acid
34 R1 = B-D-Xylose,
R2 = 2-Ethoxy-4-hydroxycinnamic acid
35 R1 = B-D-Xylose,
R2 = 2,4-Dimethoxycinnamic acid
36 R1 = B-D-Xylose,
R2 = 3,5-Dimethoxycinnamic acid
37 R1 = H,
R2 = 3,5-Dimethoxycinnamic acid








relationships based on the chemical structure. The assignment ofH-2D and H-8D
was narrowed down to two protons based on ROESY crosspeaks to H-11D and H-12D.
A TOCSY spectrum run with 10 ms mixing time showed the acyl group contained two
aromatic spin systems—one with three resonances and one with four. Under these
conditions, the overlapping resonances were resolvable, yielding assignments for all of
the protons ofthe acyl group.
2. Assignment of 3-0-{(6-0-napthalene-2-carboxyl)-B-D-glucopyranosyl-(1—>6)-[[3-D-
xylopyranosyl-(l ——>2)]-[3-D-galact0pyranosyl}cyanidin (28).
The mass spectrum ofthis compound indicated a mass that was sixteen amu
greater than expected based upon the mass of the expected anthocyanin plus the mass of
the acid. 1H NMR confirmed that the identity of the product isolated from cell culture
was the anthocyanin acylated with 6-hydroxy-napthalene-2-carboxylic acid (29). Thus,
the acid was hydroxylated in vivo to yield the identified product.
3. Assignment of 3-0-{(6-0-6-hydroxy-napthalene—2-carboxyl)-B-D-glucopyranosyl-
(l—>6)-[B-D-xylopyranosyl-(l —>2)]-B-D-galactopyranosyl}cyanidin (29).
This compound showed a peak at m/z 913, consistent with the mass ofthe
expected anthocyanin acylated with 6-hydroxy-napthalene-2-carboxylic acid.
Examination ofthe 1H NIVIR spectrum and the gCOSY spectrum revealed six aromatic
resonances that did not belong to the flavylium nucleus, in accordance with the
presumed identity of the acyl group. For this compound, H-lD is the most downfield
singlet, as opposed to H-4. The identity ofH-lD was confirmed by a weak COSY
crosspeak to H-3D and a ROESY crosspeak to H-8D. The ROESY spectrum can be
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used to sequentially identify all of the resonances on the napthalene ring. The
assignments are also consistent with observed coupling constants. The resonances of
H-5D and H-7D are shifted upfield from all of the other aromatic resonances except H-6
and H—8, which is consistent with their proximity to a phenolic hydroxyl group.
4. Assignment of 3-0-{(6-0-6-methoxy-napthalene-2-carboxyl)-B-D-glucopyranosyl-
(1——>6)-[B-D-xylopyranosyl-(1—>2)]-[3-D-galactopyranosyl}cyanidin (30).
The mass spectrum of this compound was consistent with an anthocyanin
esterified with 6-methoxy-napthalene-2-carboxylic acid (m/z 927). The assignment
proceeded similarly to that of 6-hydroxy-napthalene-2-carboxylic acid, with the
assignment ofH-1D as the most downfield singlet. Once again, H-4 and H—6 overlap,
as do H-5D and H-7D, but they are discernible. H-5D is a singlet and H-7D is a doublet
coupled to H-8D (3JH-7A_H-3D = 9.2 Hz). The ROESY spectrum allows assignment of all
ofthe resonances on the naphthalene ring and further confirms the location of the
methoxy group from crosspeaks between the methyl group and H-5D and H-7D.
5. Assignment of 3-0—{(6-0-benzofiiran-2-carboxyl)-B-D-glucopyranosyl-(1—>6)-[B-D-
xylopyranosyl-(l—>2)]-B-D-galactopyranosyl}cyanidin (31).
The anthocyanin acylated with benzofuran-2-carboxylic acid gave a peak at m/z
887. In the aromatic region of the NMR spectrum, there are five resonances in addition
to those ofthe flavylium cation. H-3D is a singlet with an ROE to a single aromatic
neighbor, as well as an ROE to H-lG“‘l, which is a very common feature of these
compounds. The remaining resonances can be traced out by gCOSY or ROESY. The
peaks for H-6D and H-7D overlap, but they are differentiable in the HSQC spectrum
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H-7D has a crosspeak to the more upfield 13C resonance.
6. Assignment of 3-0-{(6-0—(E)-2-hydroxycinnamoyl)-B-D-glucopyranosyl-(1—>6)-[[3-
D-xylopyranosyl-(l —->2)]-[3-D-galactopyranosyl}cyanidin (32).
This compound showed a peak at m/z 889. Interestingly, this compound was not
hydroxylated in vivo at the para-postion on the D ring. After assignment ofthe
resonances ofthe flavylium cation, six proton resonances remained. Two were easily
identifiable as belonging to an E-alkene on the basis of measured coupling constants.
The gCOSY spectrum established a coupling pattern for the four D-ring aromatic
resonances in the order of 6.538 ppm (H-3D), 7.061 ppm (H-4D), 6.453 ppm (H-5D),
and 7.009 ppm (I-I-6D). It was hypothesized that the more upfield terminus would be
adjacent to the hydroxyl group. This hypothesis was confirmed by ROEs from both
alkene protons to a single aromatic resonance at 7.009 ppm.
7. Assignment of 3-0-{(6-0-(E)-4-hydroxy-2-methylcinnamoyl)-B-D-glucopyranosyl-
(1 —>6)-[B-D-xylopyranosyl-( 1 —>2)]-[3-D-galactopyranosyl } cyanidin (33).
The major compound isolated from cell culture gave a peak at m/z 903, which
indicated the presence of a hydroxyl group. This was confirmed by the NIVIR spectrum,
which showed three aromatic resonances in addition to those of the flavylium cation, in
addition to peaks that indicated the presence of a minor contaminant. The placement of
the hydroxyl group was confirmed as the para-position of ring D based upon the
coupling constants of the three-spin aromatic spin system. This hypothesis was firrther
confirmed by an ROE to the resonance at 6.294 ppm, indicating proximity to the methyl
group and proximity to the hydroxyl group, based upon the upfield chemical shift.
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A contaminant was also isolated from the cell culture with 33 and was not
separable from the major anthocyanin by column chromatography. This minor
component was determined by NMR to be a compound containing a sugar residue, most
likely glucose, and an aromatic acid residue—(E)-2-methylcinnamic acid or (E)-4-
hydroxy-Z-methylcinnamic acid. The major component, compound 33, accounted for at
least 75% ofthe total sample.
8. Assignment of 3-0-{(6-0-(E)-2-ethoxy—4-hydroxycinnamoyl)-B-D-glucopyranosyl-
(1—>6)-[B-D-xylopyranosyl-(1—>2)]-B-D-galact0pyranosyl}cyanidin (34).
The mass of this compound as isolated from D. carota cell culture was greater
than expected (m/z 933) based upon the mass ofthe anthocyanin plus sugars and the
mass ofthe aromatic acid. The NMR spectrum confirmed that the extra mass was due
to a hydroxyl group at the para-position on the aromatic ring ofthe acyl group. After
assigning the resonances of the flavylium nucleus, three aromatic resonances remained.
These exhibited a characteristic pattern that indicated one proton was coupled to two
other resonances, with one ortho coupling and one meta coupling. Based on the
knowledge ofthe location of the ethoxy-protected phenol, the identity of the acid was
determined to be 2-ethoxy-4-hydroxycinnamic acid. This hypothesis was fiirther
confirmed by the fact that only one aromatic proton has an ROE to the alkene protons.
9. Assignment of 3-0-{(6-0-(E)-2,4-dimethoxycinnamoyl)-B-D-glucopyranosyl-
(l —>6)-[[3-D-xylopyranosyl-(1—>2)]-B-D-galactopyranosyl}cyanidin (35).
The assignment of 2,4-dimethoxycinnamic acid was fairly straightforward. The
compound gave a peak at m/z 933, and this was in agreement with the expected mass
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based upon the identity ofthe supplied acid. The 1H NIVIR spectrum had two three-
proton singlets at 3.539 ppm and 3.785 ppm that were assigned on the basis ofROESY
crosspeaks between the methyl groups and adjacent aromatic protons. The other
aromatic resonances were assigned on the basis of coupling constants in an analogous
manner to 34.
10. Assignment of 3-0-{(6-0-(E)-3,5-dimethoxycinnamoyl)-B-D-glucopyranosyl-
(1—>6)-[[3-D-xylopyranosyl-(l—+2)]-B-D-galactopyranosyl}cyanidin (36) and 3-0-[(6-
0-(E)-3 , 5-dimethoxycinnamoyl)-B-D-glucopyranosyl-( l —>6)-B-D-
galactopyranosyl}cyanidin (37).
Two novel anthocyanins were isolated from the cell culture supplied with 3,5-
dimethoxycinamic acid. One ofthese had a mass that agreed with the expected product
(m/z 933) and the other did not. The difference between the two was 132 mass units,
and this difference can be rationalized by the loss of xylose. Indeed, the HSQC
spectrum of37 confirmed only two anomeric resonances were present, and the 1H and
13C chemical shifts were consistent with the presence of glucose and galactose. The
identity of the aromatic acyl group was confirmed in both cases by the presence of a
six-proton singlet, a two-proton doublet in the aromatic region, and a one-proton
aromatic resonance attributable to H-4D. The locations of the methoxy groups on the
aromatic ring were confirmed by ROEs for both the H-2D/H-6D resonance and H-4D.
D. Unincorporated Acids.
Ofthe fifteen acids used in this study, five did not yield isolable novel
anthocyanin products from cell culture. The feeding ofbenzo[b]thiophene-2-carboxylic
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acid to D. carota yielded no new anthocyanins in the cell culture, presumably due to the
presence of the sulfur atom. Since both benzofuran—Z-carboxylic acid and 2-
ethoxycinnamic acid were incorporated into anthocyanins, it seemed likely that neither
the fiised ring skeleton nor steric bulk at the ortho position are to blame. The failure of
indole-2-carboxylic acid was also apparently due to the identity of the substituent atom,
which rendered this molecule unsuitable for anthocyanin biosynthesis, as nitrogen is
roughly the same size as the oxygen atom.
The failure to generate an anthocyanin bearing a 2,6-dimethoxycinnamic acid
c0pigment moiety in cell culture was rationalized on steric grounds. The 0,0-
disubstituted acids were more sterically demanding than an ortho-monosubstituted
cinnamic acid. Little if any anthocyanin was produced with an attached 2-
isopropoxycinnamic acid moiety, and this was also rationalized on steric grounds.
Finally, phenylpropynoic acid was not incorporated into anthocyanins under any of the
experimental conditions tested. However, as it is an analog of cinnamic acid, it most
likely acted as an inhibitor of anthocyanin biosynthesis.
Three ofthe acids supplied to D. carota cell culture were incorporated into
novel anthocyanins, but the acids were modified from their original form. Specifically,
a hydroxyl group was introduced at the para position oftwo ofthe cinnamic acid
derivatives, 2-methylcinnamic acid and 2-ethoxycinnamic acid. A hydroxyl group was
also added at the equivalent position of napthalene-Z-carboxylic acid. The latter
modification resulted in the production of the same anthocyanin that resulted
from feeding of 6-hydroxynapthalene-2-carboxylic acid.
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VII. Conclusions.
Ten novel anthocyanins were produced by and isolated from Daucus carota cell
cultures. These results indicated that there were limitations as to the acids incorporated
into the anthocyanins produced by the whole cell culture. Specifically, the presence of
sulfiir or nitrogen at the ortho position of the aromatic acyl ring did not permit
incorporation. Cinnamic acid derivatives bearing bulky substituents at the ortho
position, or derivatives that are substituted at both ortho positions were not
incorporated. This implied that there was a limit to the steric bulk carried by the acid
that can be incorporated into anthocyanins in the cell culture. Since 3-0-{(6-0-(E)-
sinapoyl)-[3-D-g1ucopyranosyl-( 1 —>6)-[B-D-xylopyranosyl-( 1 —>2)]-B-D-
galactopyranosyl}cyanidin is a naturally occurring anthocyanin produced by the wild
carrot, comparable meta—disubstituted acids are readily incorporated. Furthermore, the
feasibility of producing cinnamoyl anthocyanins from a whole-cell culture that are
unsubstituted at the para position should be reevaluated. From this dataset, it was
apparent that in vivo hydroxylation may be a prominent side reaction.
The NIVIR data for this set of compounds were consistent with that of similar
anthocyanins in methanol and in aqueous solution.6 H-5Gal was broadened doublet or
doublet of doublets, based on the small coupling to H-4Gal' As stated previously, this
pattern reflected a predominant gauche/trans conformation in solution. NIVIR data
recorded for the non-acylated anthocyanin B-D-glucopyranosyl-(l—>6)-[B-D-
xylopyranosyl-(1—*2)]-[3-D-galactopyranosyl}cyanidin (cyanGXG) in methanol
demonstrated that without the acyl group, the coupling constants for H-5 and both H-6
176
resonances of galactose and glucose returned to “normal” values.7’8
This set of novel anthocyanins should provide flirther detail to the developing
structure—activity relationships between copigment structure and pH-dependent color
stability. They also exhibit conformational features similar to previously studied
compounds in methanol—in particular the ROE between H-lGal and a resonance on the
copigment moiety, and a consistent pattern ofH-6 coupling constants for glucose and
galactose6. But, for the production of certain cinnamoyl anthocyanins, a modified
version ofthe semibiosynthetic preparation may be necessary to ensure incorporation of
intact acids.
VIII. Experimental: Chapters 1 and 2
A. Materials and Methods.
The anthocyanins studied in Chapter 1 were characterized previously in
methanol-d4. Chemical shifts and other pertinent characterization information can be
found in previous publications."6 Chemical shifts for the anthocyanins in Chapter 2 are
listed in Table 15. The carboxylic acids used to prepare the novel anthocyanins in
Chapter 2 were purchased from Aldrich Chemical Company (Milwaukee, WI) or
Lancaster Synthesis (Windham, NH), with the exception of 2-isopropoxycinnamic acid
(23) and 2,6-dimethoxycinnamic acid (26). These acids were prepared in the laboratory
ofDavid Schedler, Birmingham—Southem College, Birmingham, AL. 2-
Isopropoxycinnamic acid (23) was prepared from 2-hydroxycinnamic acid and 2,6-
dimethoxycinnamic acid (26) was prepared in four steps from 2-bromo-1,3-dimethoxy-
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Table 15. Chemical shifts of anthocyanins 27, 29—37 in methanol-d4.
 
 
Res. H 27 29 30 31 32
Flav 4 8.446 8.065 8.049 8.390 8.608
8 br s br s s s
6 6.357 6.390 6.372 6.408 6.578
d (1 br s d br s
(1.9) (1.9) (2.1)
8 6.116 6.430 6.378 6.497 6.512
br s dd br s m br s
(0.8, 1.9)
2' 7.867 7.870 7.861 7.946 7.910
d d d d d
(2.2) (2.2) (2.2) (2.3) (2.3)
5' 6.977 7.051 7.052 7.050 7.060
d d d d d
(8.7) (8.6) (8.7) (8.8) (8.7)
6' 8.005 8.050 8.054 8.181 8.104
dd dd dd dd dd
(2.2, 8.7) (2.2, 8.6) (2.2, 8.7) (2.3, 8.8) (2.3, 8.7)
Gal 1 5.437 5.289 5.286 5.441 5.364
d d d d d
(7.5) (7.3) (7.3) (7.5) (7.5)
2 4.313 4.210 4.21 4.228 4.234
dd dd dd dd
(7.5, 9.2) (7.3, 9.4) (7.7, 9.3) (7.5, 9.3)
3 4.17 4.21 4.20 4.139 4.101
dd dd
(3.2, 9.3) (3.4, 9.3)
4 3.975 3.944 3.958 3.941 3.955
br (1 br d br (1 br (1 br d
(3.3) (2.5) (2.2) (3.2) (3.4)
5 4.538 4.489 4.48 4.435 4.46
br (1 br d br d br d m
(9) (> 9)
6A 4.20 4.187 4.192 4.185 4.195
dd dd dd dd
(3.6, 13.1) (9.5, 13.0) (9.5, 12.9) (9.6, 13.0)
178
 
Table 15. Chemical shifts of anthocyanins 27, 29—37 in methanol-d4 cont’d.
 
 
Res. H 33 34 35 36 37
Flav 4 8.593 8.548 8.558 8.482 8.583
br s s s s s
6 6.621 6.586 6.505 6.505 6.637
d d br s d m
(1.9) (1.9) (1.9)
8 6.552 6.523 6.560 6.503 6.554
dd 8 br s m dd
(0.8, 1.9) (1.0, 1.9)
2' 7.893 7.929 7.909 7.933 7.946
d d d d d
(2.3) (2.5) (2.1) (2.2) (2.3)
5' 7.022 7.064 7.038 7.032 7.065
d d d d d
(8.7) (8.7) (8.8) (8.7) (8.8)
6' 8.181 8.092 8.202 8.122 8.217
dd br (1 dd dd d
(2.3, 8.7) (8.7) (2.1, 8.8) (2.2, 8.7) (2.3, 8.8)
Gal 1 5.311 5.348 5.358 5.290 5.190
d d d d d
(7.3) (7.3) (7.3) (7.4) (7.7)
2 4.249 4.243 4.248 4.235 4.001
dd dd dd dd dd
(7.3, 9.3) (7.3, 9.1) (7.6, 9.3) (7.4, 9.5) (7.7, 9.0)
3 4.086 4.129 4.135 4.158 3.93
dd dd dd dd m
(3.3, 9.3) (3.4, 9.2) (3.5, 9.3) (3.3, 9.3) (3.4)
4 3.917 3.945 3.933 3.937 3.936
br d br (1 br (1 (1 br s
(3.3) (3.4) (3.4) (3.3)
5 4.451 4.517 4.483 4.485 4.418
m dd dd br d dd
(1.7, 9.6) (1.2, 9.4) (1.3, 9.5) (1.4, 9.6)
6A 4.194 4.219 4.202 4.216 4.220
dd dd dd dd dd
(9.5, 13.0) (9.6, 13.2) (9.4, 13.0) (9.5, 12.8) (9.6, 13.0)
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Table 15. Chemical shifts of anthocyanins 27, 29—37 in methanol-d4 cont’d.
 
 
Res. H 27 29 30 31 32
Gal 6B 3.77 3.753 3.76 3.771 3.783
dd dd dd
(17,130) (1.8, 12.8) (1.9, 13.0)
Xyl 1 4.867 4.739 4.744 4.730 4.724
d d d d d
(7.3) (7.2) (7.1) (7.6) (7.6)
2 3.33b 3.33" 3.32" 3.247 3.237
dd dd
(7.6, 9.2) (7.6, 9.2)
3 3.36 3.33b 3.32b 3.30b 3.31b
4 3.46 3.46 3.44 3.42 3.41
5A 3.75 3.590 3.582 3.591 3.566
dd dd dd dd
(5.4, 11.5) (5.4, 11.4) (5.5, 11.5) (5.5, 11.6)
5B 3.123 2.867 2.848 2.876 2.876
dd dd dd dd dd
(11.4, (10.5, (10.9, (11.1, (10.6,
11.1) 11.5) 11.4) 11.5) 11.6)
Glc 1 4.457 4.457 4.471 4.432 4.462
d d d d d
(7.8) (7.6) (7.6) 7.5 (7.4)
2 3.378 3.407 3.398 3.469 3.43
dd dd dd dd
(7.8, 9.4) (7.6, 9.3) (77,91) (7.6, 9.1)
3 3.450 3.468 3.475 3.43 3.45
dd dd dd
(9.1, 9.4) (9.2, 9.3) (9.0, 9.4)
4 3.726 3.773 3.76 3.681 3.710
dd dd dd dd
(9.2, 9.3) (9.2, 9.4) (9.4, 9.4) (9.1, 9.3)
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Table 15. Chemical shifts of anthocyanins 27, 29—37 in methanol-d4 cont’d.
 
 
Res. H 33 34 35 36 37
Gal 6B 3.759 3.750 3.748 3.737 3.75
dd br d dd dd
(2.1, 13.0) (~13) (1.7, 13.0) (1.6, 12.8)
Xyl 1 4.796 4.735 4.773 4.710 —
d d d d
(7.7) (7.7) (7.6) (7.6)
2 3.155 3.241 3.250 3.230 —
dd dd dd dd
(7.7, 9.1) (7.7, 9.3) (7.6, 9.2) (7.9, 8.7)
3 3.30b 3.329 3.321 3.291) —
dd dd
(9.2, 9.2) (9.1)
4 3.382 3.399 3.42 3.32b —
ddd ddd
(5.4, 8.9, (5.3, 9.3,
10.5) 10.3)
5A 3.664 3.558 3.614 3.578 —
dd dd dd dd
(5.4, 11.5) (5.3, 11.5) (5.5, 11.6) (5.2, 11.7)
5B 3.013 2.913 2.979 2.863 —
dd dd dd dd
(10.5, (10.7, (10.8, (10.1,
11.5) 11.7) 11.6) 11.7)
Glc 1 4.447 4.468 4.437 4.457 4.487
d d d d d
(7.8) (6.6) (6.8) (7.4) (7.4)
2 3.43 3.45 3.41 3.40 3.47
3 3.43 3.45 3.43 3.42 3.47





Table 15. Chemical shifts of anthocyanins 27, 29—37 in methanol-d4 cont’d.
 
 
Res. H 27 29 30 31 32
Glc 5 3.497 3.507 3.517 3.509 3.48
ddd br d ddd ddd
(1.8, 2.2, (>9) (1.8, 2.2, (1.8, 2.4,
9.3) 9.4) 9.4)
6A 5.310 5.537 5.463 5.315 5.215
dd dd dd dd dd
(2.2, 12.1) (2.7, 12.0) (2.2, 12.0) (2.4, 12.1) (2.5, 12.0)
6B 4.20 4.297 4.301 4.348 4.146
dd br d dd dd
(1.7, 12.0) (~12) (1.8, 12.0) (1.8, 12.0)
Acyl 1 7.878 8.299 8.323 — —
(D) m br 5 br s
2 ... _ _ _. _
3 7.497 7.840 7.905 7.469 6.538
d dd dd s br d
(7.3) (1.5, 8.6) (1.2, 8.7) (8.1)
4 7.154 7.122 7.286 7.269 7.061
dd d d d m
(7.6, 7.9) (8.6) (8.7)
5 7.75 6.721 6.486 7.23 6.453
d s m ddd
(2.2) (1.0,7.4,
7.5)
6 7.23 — — 7.23 7.009
m dd
(1.1, 7.6)
7 7.75 6.797 6.85 7.089 7.507
dd m p d
(2.2, 8.9) (4.0) (16.1)





Table 15. Chemical shifts of anthocyanins 27, 29—37 in methanol-d4 cont’d.
 
 
Res. H 33 34 35 36 37
Glc 5 3.44 3.45 3.43 3.42 3.49
6A 5.244 5.303 5.270 5.337 5.307
dd dd dd dd dd
(2.7, 12.0) (2.7, 12.2) (2.3, 12.0) (2.7, 12.0) (2.9, 12.0)
6B 4.128 4.093 4.131 4.131 4.131
dd dd br d br (1 dd
(1.9, 12.0) (1.5, 12.2) (>lO.6) (>10.6) (1.4, 12.0)
Acyl 1 — — — — —
(D)
2 - - — 6.180 6.120
d, 2H d, 2H
(1.9) (2.2)
3 6.294 6.171 — —
d d
(2.0) (1.6)
4 — — - 6.358 6.292
br s dd
(2.2)
5 6.200 6.068 — —
dd dd
(2.0, 8.7) (2.1, 8.8)
6 6.898 7.062 6.180 6.120
d d d, 2H d, 2H
(2.0, 8.7) (8.9) (1.9) (2.2)
7 7.643 7.314 7.457 7.326 7.382
(1 br d d d d
(16.0) (15.7) (16.1) (16.1) (16.0)
8 6.116 6.423 6.381 6.250 6.298
d d d d d
(16.0) (15.9) (16.1) (16.1) (16.0)
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Table 15. Chemical shifts of anthocyanins 27, 29—37 in methanol-d4 cont’d.
 
Res. H 27 29 30 31 32








OCH2 — — — — —'
CH3 — — — — ‘—
OCH3 — — 3.932 — —
s, 3H  
a. Apparent, first-order couplings are indicated (br s, broad singlet; br (1, broad doublet;
d, doublet; dd, doublet of doublets; ddd, doublet of doublets of doublets; t, triplet) in
parentheses in Hz.
b. Obscured by the methanol-d4 signal.
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Table 15. Chemical shifts of anthocyanins 27, 29—37 in methanol-d4 cont’d.
 
 
Res. H 33 34 35 36 37
Acyl 11 — - —
_ _
(D)
12 — — —
_ _











OCH3 — — 3.540 3.552 3.464






Deuterated solvents were obtained from Aldrich Chemical Company
(Milwaukee, WI) and Cambridge Isotope Laboratory (Cambridge, MA). Mass spectra
(ESIMS) were acquired using a Quattro-II mass spectrometer (Micro-Mass, Inc.,
Manchester, UK) in the positive-ion mode. The one-milligram samples were dissolved
in 1% trifluoroacetic acid in water and diluted ISO-fold in methanol.
B. Biological Material.
The preparation and isolation of all anthocyanins was done by Donald K.
Dougall and co-workers of the Botany department, University of Tennessee, Knoxville.
The details of preparation and isolation are described elsewhere. 1’6 The specific cell
line used to produce anthocyanins 6—10 was D. carota spp carota WC63-1-9-1-13-1.
The cell line used to produce anthocyanins 27—37 was D. carota spp carota WCM9-1-9-
1-6-1. For both sets of compounds, a subline was selected for increased anthocyanin
yield.
C. 1H NIVIRData Acquisition.
1. Sample preparation.
1H NMR spectra were acquired using a Varian INOVA 600 MHz spectrometer
equipped with a triple nucleus Z-gradient probe. All NIVIR samples were prepared with
trifluoroacetic acid-d as described previously.“9 The resulting solution contained
approximately 25 11L TFA-d in 600 11L of deuterated solvent. Unless otherwise stated,
experiments were run at 298 K. Degassing ofNMR solvents was accomplished by
bubbling a stream of compressed, pre-purified argon gas through the solution for 30—40
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min. In methanol-d4, the residual solvent peak was taken as the reference (6H = 3.300
ppm, 5c = 49.50 ppm). When D20 was used as a solvent, the HOD peak was used as a
reference (4.776 ppm at 25 °C). The chemical shift was calculated according to
Gottlieb et al. 10 The assignment procedure for individual anthocyanins was described
in Chapter 2.
2. 2D NIVIR Studies.
For each sample, the transmitter offset and spectral width were chosen so as to
minimize the spectral window. Generally, this resulted in a spectral width of4000—
6000 Hz. gCOSY spectra were acquired with 8 scans per FID and 512 FIDs. All
processing was done using the Varian VNMR 6.1B and 6.1C software packages. A
linear prediction was used, and the default apodization fiinction was applied in both
dimensions prior to Fourier transformation. For HSQC spectra, the default parameters
for the 13C dimension were used. A total of 512 Fle were collected with 8 to 16 scans
per FID. The software default value for the lH—13C one-bond coupling constant was
used, and the most of spectra were acquired using the multiplicity editing option
available in VNMR 6.1C. Processing proceeded in an analogous manner to that of the
gCOSY data. ROESY spectra were acquired with a 550-ms mixing time. The spectra
were acquired with 24 to 32 scans per FID and 400 to 512 FIDs. The spectra were
processed using a linear prediction and default apodization function, and the volumes of
the cross-peaks were measured using the Varian Peak menu within the 6.1B/6.1C
software packages. As in previous studies, ROEs were characterized as strong (1 .7—2.5
A), medium (1 .7—3.2 A), or weak (1 .7—5.0 A). NIVIR-derived restraints can be found in
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Appendix B for compounds in D20 and Appendix C for compounds in methanol-d4.
D. Molecular Modeling.
1. General.
The procedures described herein are modified from the form used by
Whittemore and Cox.3 All molecular mechanics calculations were carried out using the
CVFF force field as implemented in the InsightII/Discover software package
(Accelerys, San Diego, CA) operating on one oftwo Silicon Graphics Indigo2
workstations. CVFF was selected in previous studies because the ability to
accommodate the flavylium 0-1 with the op atom type. All simulations were
performed in vacuo using a dielectric constant of 80.0 to mimic an aqueous
environment. All molecular dynamics calculations were carried out using the Verlet
algorithm with a time step of 1 fs and an equilibration period of 10 ps.
2. Partial charges.
Partial charges used in the simulations were calculated using AMI as
implemented within the Sybyl software package running (Tripos, St. Louis, M0) on a
Silicon Graphics 02 workstation. AMI charges were calculated for fragments of each
molecule and recombined, with the exception of cyanGXG, using SCF keywords.ll




charge sets for compounds 6—10 are listed in Appendix B. These charges were added
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to each molecule in Insight by modifying the partial charge of each atom individually.
3. Quenched molecular dynamics.
QMD simulations were preformed starting from a random conformer for each of
the five molecules studied. Each starting structure was subjected to 40 ps of molecular
dynamics in which the temperature was ramped from 300 K to 600 K over 30 ps at 10-
K intervals, followed by a 10 ps period for equilibration. The resulting conformation
was subjected to 2 ns of molecular dynamics simulation at 600 K, and the resulting
conformations were saved every 2 ps. The 1000 resulting structures were minimized
using steepest descents and conjugate gradient minimization until the derivative was
less than 0.001 kcal mol’1 A“.
4. Evaluation of conformers.
The 1000 energy-minimized structures were sorted by energy, and those
conformers within 5 kcal ofthe global minimum for the simulation were kept for fiirther
analysis. The conformers were then visually inspected and classified. The resulting
sets of conformers for, 4-FCIN 8, 3,4,5-TMBENZ 9, and CyanGXG 10 contained
conformers in which the xylose ring was inverted (1C4 chair conformation.) Since the
coupling constant data indicated that the xylose ring adopts the 4C1 conformation, these
conformers were manually removed fiom consideration.
5. Family classification
The classification system used to evaluate the conformers is described in the
text. The family classification was entered into a spreadsheet, and the structures were
sorted by family classification and characterized by seven torsion angles (Fig. 5). The
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resulting family designations were reevaluated for differences in the (01 and (03 torsion
angles that would lead to confusion in interpreting torsion restraints. In the cases where
conforrnationally similar structures (having the same family designation and similar
overall shape) differed in 001 or 003, they were separated into two families and numbers
were added to the family designation to differentiate them.
6. Evaluation of conformational families by NMR-derived restraints
The low-energy conformers resulting from the QMD calculations were
evaluated based upon NMR-derived restraints. The restraints derived from ROESY
experiments were evaluated as described in section 02 with the aid of a spreadsheet. If
fifty percent ofthe conformers within a family met the restraint, the family as a whole
satisfied the restraint. The torsion restraints were implemented using a range oftorsion
values to describe a particular conformational state. Generally, a margin of 20° in either
direction was added to the ideal staggered values of 60°, -60°, and 180°. For the
acylated compounds 6—9, the galactose residue was determined to exist principally in
the GT conformation. Thus, all families for which 001 = 60° 1 20° satisfied the restraint.
The same procedure was used for the glucose residue. The predicted coupling constants
listed in Tables 9 —13 were calculated according to the equation ofWidmalm, Serianni,
and co-workers.12 The population of GG, GT, and TG conformational states based
upon experimental coupling constants was calculated using the equations developed by
Nishida and co-workers.13
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Chapter 3. Solution Structures of the 0-, C-, and S—linked
Disaccharides of Hyaluronic Acid
1. Background.
A. Conformational Differences in 0-, C-, and S-Disaccharides.
Isosteric substitution of the oxygen atoms in glycosidic bonds with atoms such
as carbon, nitrogen, and sulfur is a strategy used to render these bonds resistant to
hydrolysis, as in the case of competitive, non-hydrolizable glycosidase inhibitors. 1'3
However, the replacement ofthe glycosidic oxygen must be approached with care
because the new compound may not share the same overall conformation as the parent
compound, as the conformational preference ofthe glycosidic bond is the chief
determinant of oligosaccharide shape. Modification ofthe glycosidic linkage results in
changes in bond angles and bond lengths. According to ab initio models of 2-
substituted derivatives oftetrahydropyran (38—40) studied at the 6-3 1G1 level, there are
significant differences in bond lengths and bond angles that, along with the electronic
differences in oxygen, carbon, and sulfirr atoms, influence the conformational
preferences ofthe glycosidic linkages (see Figure 32).4 For example, the C-2—0
(1.3720 A) bond length is shorter than that of C-2—C (1.5228 A) or C-2—S (1.8024 A),
while the C-2—O—C bond angle is 115.6° and the C-2—C—C bond angle is 113.6° and the
C-2—S—C bond angle is 100.2°. The increased distance on either side of the glycosidic
atoms should serve to mitigate steric bias among the three staggered conformers for
both (1) and 1p, and allow for freer rotation about both angles.




X = o 38, CH2 39, s 40
Figure 32. Multiple views of the 2-substituted tetrahydropyran derivatives studied by
Tvaroska and Carver.
electronic structure ofthe glycosidic atom. Specifically, the term “exo-anomeric effect”
has been used to describe the preferential gauche orientation ofthe 0-5—C-1 and O-l—R
bonds in saccharides.5'7 See Appendix A, Figure A-2 for an illustration. This
phenomenon has been well studied and is thought to arise from an interaction between a
lone pair on the glycosidic oxygen and the antibonding orbital of the 01—0,. sigma
bond. Sulfur has a similar electronic structure so it should also exhibit an exo-
anomeric effect. However, its larger van der Waals radius serves to mitigate the rigidity
of the glycosidic bond. The torsional energy profile of [i-2-methylthio-tetrahydropyran
(40) determined by Tvaroska and Carver revealed that the two gauche minima for the
0-1—C-2—S—C angle (gauche relationship between S and C) were nearly equal in
energy, while maintaining the same global minimum as 2-methoxy-tetrahydropyran
(38).4
The carbon atom is of comparable size to oxygen but does not have lone pair
electrons, and thus is not subject to the same phenomena that dictate torsional
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preferences of an acetal. Houk et al. described the exo-deoxoanomeric effect, which
denoted the gauche preference ofthe O—C—C-C torsion angle in C-linked sugars and C-
glycosides;8 however, this interaction was much smaller in magnitude than the exo-
anomeric effect that controlled the O—C-O—C torsion. The former interaction was
rationalized by the dipoles induced in the affected bonds, as well as steric interactions.
B. S-Disaccharides in the Literature.
Montero et al. compared lactose with its thioglycoside analog 41 (see Figure
33).9 Molecular modeling studies indicated that the 0- and S-linked lactoses were
described by potential energy surfaces with three local minima that were nearly
identical. However, the O-linked lactose was predicted to populate the syn-exo-(l), syn-
tlr (56°, —9°) conformer almost exclusively, while the global minimum for S-lactose was
the syn-exo-(b, anti-1|! (21°, 174°) conformer, with the syn-exo-(l), syn-ll: and anti-exo-(I),
syn-111 conformers also populated. This prediction for S-lactose was borne out in NOE-
based calculated populations of the aforementioned conformers in the ratio of 55:30:15.
These results highlighted the potential difference in the global minimum conformation
for 0- and S-linked disaccharides, as well as the increased flexibility of S-linked sugars.
Bock and co-workers studied both anomers of methyl 4-thiomaltoside and
compared these to the natural 0—linked analogs. 10 Based on NMR data, the solution
structures of methyl 4-thio-01-maltoside (42) and methyl 4-thio-B- maltoside were
similar. They populated to a large extent the syn—exo-(I), syn-qr conformer, as did their
natural 0-linked counterparts, albeit to a greater extent. Fifteen to twenty percent of the









Figure 33. S—Lactose (41) and methyl a-4-thiomaltoside (42)
Weimar et al. analyzed a series of maltose analogs in which one ofthe ring
oxygen atoms was replaced with sulfur and the interglycosidic atom was oxygen, sulfur,
or selenium.ll The results were consistent with the interpretation that the glycosidic
linkage became more flexible with increasing size ofthe interglycosidic atom, and the
results for all three disaccharides could be described by two minima with (I) = —60°, and
q; = -30° —180°. The population of the minimum energy region described by q; = 180°
increased with the size of the interglycosidic atom. Aguilera et al. compared propyl 0-
(or-L-fiicopyranosyl)- (1—>3)-2-acetamido-2-deoxy-B-D-glucopyranoside (43) to its
thioglycoside analog 44 and concurred with the observations ofBock’s and Weimar’s
groups (Figure 34).12 The O-linked disaccharide populated predominantly the syn-<1),
syn-111 conformer, with a minor contribution (~5%) due to the syn-d), anti-qr conformer.
The S-linked analog also adopted the syn-(b, syn-1|: conformer predominantly, but the
amount ofthe syn-(b, anti-1|; conformer has increased to 20%. The difference in
flexibility of 0- and S-glycosides was attributed to the longer C—S bond length, which
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Figure 34. Disaccharides modeled by Aguilera, et al.
alleviated steric interactions between the two sugar rings.
C. C-Disaccharides in the Literature.
The number of examples of C-linked saccharides in the literature exceeded that
of S-linked cases. This t0pic has been extensively reviewed elsewhere,13 and the
discussion here is limited to a specific comparison ofthe approaches to 0— and C-
analogs of (1—»4)-linked saccharides and the results gleaned from those studies. Kishi
and co-workers have synthesized many C-disaccharides, as well as some trisaccharides,
and have used these molecules to study the solution conformations of C—linked
sugars.l4‘l° This approach involved the data extracted from a first-order analysis of the
coupling constants for H-l ', HorproR (C01 is the interglycosidic carbon), and HorproS, to
determine the orientation of (I). From this data, Kishi and co-workers determined that
C-glycosides were similar to O-glycosides in their orientation about (I). The orientation
of the 1|! torsion angle was considered using a diamond lattice model to enumerate the
number ofunfavorable steric interactions for each staggered conformer. From this
analysis, a model for the predominant solution conformation was postulated and
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verified by NMR data—coupling constants and selected NOEs. Deviations in the
predicted value for 1|: were explained by deviations fi'om ideal staggered conformers or
the presence oftwo conformers in solution. In general, Kishi’s analysis yielded the
following results for (1—>4)-linked C-disaccharides with B-D-glucopyranoside on the
reducing end. For or-manno derivatives, (1) = -90°, 1|: = — 5°, and for B-manno
derivatives (I) = 85°, 11; = —5°. For a-gluco disaccharides, (I) = -80°, 1|; = - 10°, and for
B-gluco disaccharides (b = 40°, 1|: = 5°. The results for (1—14)-linked C-disaccharides
with 1,6-anhydroglucose at the reducing end were somewhat different, but also
rationalized on steric grounds. For these disaccharides, q: = 80° for the B-(1—>4)-linked
disaccharides and q; = —80° for the a-(l—r4)-linked disaccharides.”
Several groups have studied C-lactose, an analog of B-D-galactopyranosyl-
(l—+4)-B-D-glucopyranose. Jiménez-Barbero and co-workers have published several
papers on the solution conformation of C-lactose in D20 and other solvents, in both free
and protein-bound states, as well as forms that retain a hydroxyl group on the
interglycosidic carbon. “3'20 Their approach differed from that ofKishi and co-workers
in that they used a molecular mechanics force field to generate a potential energy
surface for the molecule. Local minima were noted along with their associated d) and 11:
values, and a probability map was generated fiom the potential energy surface. The PE
surface was usefiil in comparing the relative local minima for C— and O-disaccharides,
and in providing an assessment of the flexibility of the molecules under study. Both
coupling constants and NOEs were analyzed to generate a picture of the molecule in
solution, with specific interglycosidic NOEs interpreted as hallmarks for a particular
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hallmarks for a particular conformation. These have been dubbed “exclusive NOEs”.
Theoretical NOEs were calculated from the probability map and from the individual
conformers using Complete Relaxation Matrix Analysis (C0RMA).21'23 The
comparison ofC- and O-lactose demonstrated that the substitution of carbon for oxygen
resulted in a more flexible molecule with three conformers populated in solution: one
with (I) = 36° and II! = 180° (A), one with (I) = 54° and II! = 20° to -70° (B—C), and one
minor contributor with (I) = 180° and q: = 0° (E) (authors’ notation is used for letter
references). The change in relative intensities ofthe H-1’—H—4 NOE vs. the H-1’-H-3
NOE from 0-lactose to C—lactose revealed that C-lactose was more flexible and
populated minimum A to a greater extent than minima B and C, whereas 0—lactose
principally populated minima B—C. Rubinstenn et al. also studied C-lactose using
molecular modeling and off-resonance ROESY measurements, and confirmed the
flexibility of methyl B-C—lactoside; however, they concluded that minima B—C is
populated to a greater extent than minimum A for this molecule (B—C2A 60:40).24
These characterizations were consistent with many ofthe structural studies of C-
disaccharides: the (I) torsion is fairly rigid, and the III torsion is more flexible. 13
D. Hyaluronic Acid as a Therapeutic Agent
Hyaluronic acid (HA, 45) or hyaluronan is a (1—>3)-linked polymer of Ii-D-
GlcNAc-(l——>4)-B-D-Gch that is found in the eye, cartilage, and skin (see Figure 35).”
Its average molecular weight is 2—10 x 106 Da, and is somewhat dependent on its
location. It has been described as an unreactive stuffing in the extracellular matrix and
synovial fluid, yet there is evidence of a highly conserved evolutionary status26
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Figure 35. Repeating unit ofthe hyaluronic acid polymer (45)
and a long-recognized presence in tumor growths.27
The role HA plays in the metastasis of certain types of cancer cells is as a
facilitator of cell migration, possibly by interacting with cell-surface receptors that bind
HA, including CD44 and RHAMM.28 Studies ofB16 melanoma, a highly metastatic
cancer cell line, demonstrate that HA oligomers perform a protective fiinction, most
likely by altering or interdicting some part ofthe cell-migration process. These results
show that HA oligomer sizes oftwelve to forty sugar residues are able to largely
prevent metastasis to the lungs of infected mice, with twenty-six being the optimal
number of residues for protective activity.29 As HA acts extracellularly, it is an
attractive alternative to cancer chemotherapy that relies on indiscriminate cell kill. If
the results of the B16 melanoma studies described above can be extended from mice to
humans, HA oligomers could be used as a mild but effective treatment for certain types
of cancer. The HA oligomers could act to prevent or retard the migration of cancer
cells to new foci, in conjunction with more traditional therapies to combat extant solid
tumors. The HA oligomers may also be used as probes to study the metastasis of
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cancer cells, as well as cell migration in other biological processes.
In considering the use ofHA therapeutically or diagnostically in mammalian
systems, the issue of in vivo degradation arises (see Scheme 2). HA is degraded within
cells in the liver and other parts of the body.”32 There are three principal HA-
degrading enzymes. Hyaluronidase (EC. 3.2.1.35) cleaves the B-(1—>4)-linkage at an
internal site, and generally initiates the degradation process. Exo-glucanases are also
present that can cleave the polymer at a terminal B-(l—13)—linkage (B-N-acetyl-
hexosaminidase EC. 3.2.1.52) or a temrinal B-(1—>4)-linkage (B-glucuronidase EC.
3 .2. 1.3 1).
Toward the end of long-lived, competitive binding probes of cancer metastasis
as well as other biological functions based on the structure ofthe HA polymer, two
isosteric modifications ofHA were selected.33 Namely, the substitution ofthe
interglycosidic oxygen atom in the I3-(1—>4)-glycosidic bond with sulfiir or carbon to
yield disaccharides that can be connected by I3-(l—13)-glycosidic bonds to form a
mixed-linkage oligosaccharide with improved in vivo stability (see Figure 36).
OH 0 OH 0H 0 OH
HO 0 o HO O 0
HO X X
H0 0 HO OCH3
NH O NH O
C 3 CH3
X=SOICH2




OH 0 OH OH 0 0H
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NHACOH OH NHAc OH 11
Glucuronidase
O OH 0H0 O OH
HO HO





Scheme 2. Cleavage products of hyaluronan-degrading enzymes
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However, the stability conferred by the incorporation of non-hydrolizable glycosidic
bonds is not meaningful without affinity for HA binding sites. Therefore, knowledge of
the three-dimensional structure of the (l—->4)-linked disaccharides is essential.
E. Solid and Solution-State Structures ofHyaluronic Acid
Structural investigations ofHA have sought to explain the macroscopic
properties ofthe polymer with microscopic observations. Among the unique
characteristics ofHA are its viscoelastic properties,34 resistance to periodate oxidation,35
and high hydration capability.36 X-ray fiber diffraction studies indicated that the HA
polymer had an extended, helical structure, and demonstrated various helical forms
based on the conditions of sample preparation (humidity and counterion type)?“1 In
the solid state, the conformation about both of the glycosidic linkages was consistent
with the exo-anomeric effect and exhibited the potential for multiple interresidue
hydrogen bonds, which could account for the stiffness ofthe polymer in solution. An
increase in pH from a neutral salt solution ofHA to an alkaline one produced a
reversible decrease in the viscosity ofthe HA solution, indicating that the network of
hydrogen bonds could be relevant to the solution structure as well.“’43 NMR spectra of
HA in DMSO-d; revealed a hydrogen bond between the NH ofthe acetamido group and
the carboxylate that disappeared upon addition of water, suggesting that a water
molecule was bridging the two groups.“’45 Furthermore, comparison ofthe behavior of
HA in the solid state, in DMSO-d5, and in aqueous solution revealed conformational
differences and a partial loss of hydrogen bonds upon going fi'om DMSO to aqueous
solution.“47
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Subsequent NMR studies and molecular dynamics simulations ofvarious HA
oligos have introduced new questions about the structure ofthe polymer in aqueous
solution and how it relates to measurable macroscopic properties. NMR and molecular
modeling have been used to assess the conformation ofthe glycosidic linkages in both
disaccharides as well as many forms of oligosaccharide.48'52 In general, the protons
about both the (1—+3)- and (1—+4)-glycosidic linkages exhibit strong NOEs that are
interpreted as agreement with the conformations predicted by the exo-anomeric effect.
Both molecular modeling and NMR/molecular modeling studies determine (I) and III for
both linkages as mean values of 50° and 0°, respectively. There is some disagreement,
however, on which one ofthe two linkages is more flexible. Holmbeck et al.
determined that the B-(1—>4)-glycosidic linkage is more flexible than the I3-(1—>3)-link
based on restrained molecular dynamics simulations using a B-D-Gch-(1—>3)-I3-D-
GlcNAc-(1—>4)-D-Gch trisaccharide in explicit solvent.49 Almond and co-workers
have developed a model ofHA using molecular dynamics in water and extended it from
the two disaccharides to a decasaccharide.”56 They have explored many questions
about HA—water interaction, including the question ofwater interactions vs.
intramolecular hydrogen bonds. Their findings include two persistent hydrogen bonds
to secure the orientation of the [HI—>3) glycosidic linkage, while the interactions about
the [HI—+4) glycosidic linkage are metastable at best. Six types of hydrogen bond or
water-bridged interactions were identified in their simulations (see Figure 37). Their
model ofthe decasaccharide depicted a stiff, elongated molecule that undergoes brief
periods of conformational change. Interestingly, the conformational change was linked
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to interactions involving 0H-3 ofGch, and the (1—>4)-glycosidic linkage was the site
of conformational change that influenced the rest of the molecule.53 Their conclusions
remained tentative in the light of experimental evidence discussed below; and they cited
the exclusion of counterions such as Ca2+ in their model. Cowman et al. used 13C
measurements to show that the (1—23)-linkage is more flexible than the (1-—>4),4°
although l3C T1 measurements from their laboratory published in 2001 indicated that
the relaxation behavior of the carbons surrounding both types of glycosidic linkages in
the polymer were indistinguishable.47 Their work supported the hypothesis of end
effects—that terminal residues on the polymer were more mobile than interior ones.
Donati et al. found that the (l—>3)- and (1—>4)-glycosidic bonds were stiff during a l-ns
molecular dynamics simulation on a hexasaccharide.48 During the simulation, restraints
were imposed for the first 100 ps. The authors maintained that the hexasaccharide had
an overall stiffness, but they inferred increased flexibility in terminal linkages from
their ROESY data. The trajectories they calculated for (I)(1—>4) were consistent with
the second conformational state proposed by Holmbeck et al., ((I) = 24°, 1|: = - 53°).49
NH—> o 0 fl 0
HO 0 0 "‘HO 0\Ho OH
HO 0 A/HO 0 O o
B-D-GlcNAc-(l—>4)-I3-D-Gch-(1—>3)-I3-D-GlcNAc-(1—+4)-I3-D-Gch
Figure 37. HA tetrasaccharide with interresidue hydrogen bonds
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II. Statement of the Problem.
Hyaluronic acid is a linear biopolymer with the evolutionary distinction ofbeing
produced in both vertebrates and some bacteria. Initially considered a non-interactive
molecular stuffing, HA is now known to be involved in many biological processes,
including metastasis, cardiac cell development, and embryogenesis. A network of
hydrogen bonds and interactions with solvent may contribute to the intrinsic stiffness of
the polymer, as well as promoting flexibility and specific interactions ofthe polymer
with molecules that bind HA. The network ofhydrogen bonds available to the HA
polymer is similarly available to its mimetics; therefore, mixed-linkage analogs of
hyaluronic acid could be used to provide information about the origin ofthe intrinsic
stiffness ofHA. These molecules would be ideally suited to discern whether the
conformational rigidity is due to the nature ofthe glycosidic bonds themselves, or are a
result of the hydrogen-bonding network. In addition, to the extent that higher order
mixed-linkage oligos ofHA are competitive with HA for binding to hyaladherins
(receptors that bind HA), these molecules are excellent candidates for synthetic probes
ofHA binding. Finally, to the extent that they exhibit subtle differences in solution
structure fi'om the native HA polymer, they may act as selective probes for proteins that
bind HA.26
Models ofthree (1——>4)-linked disaccharides of hyaluronic acid (46—48) have
been generated to compare with NIVIR data (see Figure 38). These models were
prepared using two different force fields, MM357 and CVFF.58 MM3 is a general
















Figure 38. Structures of three I3-(1—>4)-linked disaccharides of hyaluronic acid 46—48
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carbohydrates that are dictated by the exo-anomeric effect. It has also proved suitable
for use with C-disaccharides.18 CVFF was developed to model amino acids and
peptides, and has been used to model B-D-Gch-(l—+3)—B-D-GlcNAc, the (l—>3)-linked
disaccharide of hyaluronic acid51 and C-lactose.59 The disaccharide should be more
flexible than any higher order oligomer, and therefore we propose to define a single
minimum or set of relevant minima in solution for each ofthe three disaccharides under
study. Further studies on mixed linkage oligomers ofHA will demonstrate whether the
increased flexibility ofmodified glycosidic bonds will prevail over a tight network of
hydrogen bonds.
Thus, the specific objectives of this study are threefold.
1. To develop models ofthe 0—,60 C-,61 and S-disaccharides61 of hyaluronic acid
in aqueous solution using NMR and molecular modeling.
2. To identify a modeling protocol that will be USCfill for studying higher order
oligomers.
3. To compare the models and assess the conformational similarity of the three
disaccharides.
III. Results and Discussion.
A. Potential Energy Surfaces.
For each ofthe three disaccharides studied, the results of (I), (I! searches are
represented in contour maps (see Figure 39). These maps display the conformational
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Figure 39. Representative potential energy surface
Contours are drawn every 2 kcal, and the general location ofthe respective minima on
the PE surface are denoted in bold letters that also indicate the identity ofthe minimum.
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some or all ofthe minimum energy regions in common, and these regions are labeled
with the letters A—E for all of the disaccharides. Thus, minimum A is the global
minimum for the 0-disaccharide for both force fields, but not necessarily for the models
ofthe C- and S—disaccharides.
Minimum A and minimum B are in the same area ofthe surface and are
difl‘erentiated by the value of 1|). For minimum A, 1|: is positive, and for minimum B, 1];
is negative. Minima A and B correspond to the two conformational families found for
HA in modeling studies ofthe monomeric (disaccharide) and oligomeric forms.
According to the conformational family notation, minimum A is syn-exo-(I), syn-(+)-1Ir,
and minimum B is syn—exo-(I), syn-(-)-L|;. Both of these conformational families are
identified by an NOE between H- 1' and H-4.
Minimum C is described as syn-exo-(I), anti-1|}. This conformation brings OH-6'
and the carboxylate group in close proximity. There is a single 1,3-diaxial steric
interaction between 0-5' and C-5. This conformation is found to a greater extent for C-
and S-disaccharides. Minimum C is characterized by NOEs between H-1’ and H-3, and
a weaker NOE between H—1' and H—5. Minimum D is classified as anti-exo-(I), eclipsed-
q: ((I) = 180°, 1|r~ 0°). The eclipsed-1|) conformation minimizes steric interactions
relative to other possible orientations of (Ir. Minimum D is identified in NMR spectra
by an NOE between H-2' and H—4. This conformation permits a hydrogen bond
between the carbonyl oxygen ofthe acetamido group and 0H-3. The overall shape is
sometimes described as the Gch ring being situated over the GlcNAc ring.
Minimum E has negative values for both (I) and III and is designated non-exo-(I),
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syn-(-)-1|r. This conformation is not stabilized by the exo-anomeric effect, and there is
a syn-diaxial steric interaction between N-2' and C-4. There is also the potential for a
hydrogen bond between the NH ofthe acetamido group and 0-3. Minimum E is not
distinguishable from minima A and B on the basis of exclusive NOEs, but is generally
ruled out on steric grounds.
B. Potential Energy Surfaces: 0-, C-, and S-Disaccharides.
The potential energy surfaces for the O-Disaccharide using MM3 and CVFF
were very similar (see Tables 16—18 and Figures 40 and 41). The principal minimum
was located at (45°, 0°), which was in agreement with the conformation predicted by the
exo-anomeric effect. This conformation was oriented to permit any ofthe predicted
hydrogen bond or water-mediated interactions across the B-(1,4)-glycosidic bond with
slight adjustment. An examination ofthe distances predicted by the potential energy
maps revealed that the H-1'—H-4 NOE was the principal interresidue contact.
Both MM3 and CVFF predicted that the minimum B conformer was also
significant. The low-energy conformers were somewhat different from that predicted in
previous work, in that the minimum B representative conformers in this study had less
negative values for 1|). Both Donati et al.48 and Almond, et al.53 predicted that the B
conformer predominated in terminal (1—>4) linkages, with (I) = 30° to 70° and 1|) = 0° to
— 90°.
For the C—disaccharide, MM3 predicted fewer local minima than CVFF, and the
global minimum energy structures were different (see Tables 19 and 20 and Figures 43
and 44). The results displayed in the potential energy surfaces highlighted the increased
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Molecule FF Min. A Min. B Min. C Min. D Min. E
45°, 15°“ 30°, - 15° 30°, 180°
MM3 —— —
0- 54.0%b 44.2% 1.4%
disaccharide
46 45°, 0° 15°, -30°
CVFF — — —
53.9% 44.5%
60°, 45° 45°, -60° 45°, 180° -60°,
MM3 — —60°
C- 39.9% 16.9% 36.7% 5.6%
disaccharide
47 60°, 45° 30°, —45° 45°, 180° - 165°, —45°,
CVFF 45° -45°
30.0% 6.2% 49.3% 8.8% 3.8%
45°, 0° 60, — 15 30°, 180° 165°, 0° -45°,
MM3 - 15°
5. 37.3% 23.2% 32.6% 4.9% 1.3%
disaccharide
48 45°, 0° 15°, -30° 15°, 180° 165°, 0° -15°,
CVFF —30°
27.8% 39.6% 2.6% 22.9% 6.9%       
a. (I), 1|) values for the lowest energy conformer in this family. Values in bold text
denote the global minimum. b. The percent ofthe solution population predicted to
exist in this region of the potential energy surface.
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Figure 40. MM3-generated potential energy surfaces for the O-disaccharide of
hyaluronic acid
Top: Potential energy surface with countours drawn every 1 kcal.























Figure 41. CVFF-generated potential energy surfaces for the O-disaccharide of
hyaluronic acid
Top: Potential energy surface with countours drawn every 1 kcal.


























A B C D E Pb
H-1'—H-4 2.36 2.11 3.68 — — 2.29
H-1'—H-3 4.53 4.32 2.01 — — 3.73
H-1'—H-5 3.85 4.33 2.57 — — 3.81
H—2'—H-4 4.38 4.43 4.51 — — 4.38         





A B c D E Pb
H—1'—H-4 2.36 2.22 — — — 2.34
H—l'—H-3 4.53 4.01 — —- — 4.22
H-1'—H-5 4.11 4.52 — — — 4.13
H-2'—H-4 4.50 4.37 —— — — 4.18         
a. Interproton distances (A) were determined using the average distances from two or




Figure 42. MM3-generated potential energy surfaces for the C-disaccharide of
hyaluronic acid
Top: Potential energy surface with countours drawn every 1 kcal.














Figure 43. CVFF-generated potential energy surfaces for the C-disaccharide of
hyaluronic acid
Top: Potential energy surface with countours drawn every 1 kcal.



























A A'° B C E P°
H-l'—H-4 3.05 2.57 2.61 3.81 3.31 2.86
H-l'—H-3 4.61 4.77 3.87 2.11 3.08 2.56
H-1'—H-5 3.37 4.07 4.74 2.91 4.51 3.24
H-2’-H-4 4.38 4.66 4.71 4.82 3.19 4.08
H- '—H-7S 2.53 2.64 2.60 2.62 3.08 2.58
_ H-l'—H—7R 3.08 3.07 3.09 3.09 2.51 3.02
H-2'—H-7S 3.09 2.84 2.84 2.92 2.50 2.89
H-2'—H-7R 2.46 2.66 2.56 2.58 3.72 2.54
H-3-H-7S 2.61 3.07 3.77 3.16 3.77 2.93
H-3—H-7R 2.79 2.50 2.60 3.86 2.54 2.79
H-4—H-7S 3.09 2.98 2.48 2.43 2.52 2.60
H-4—H-7R 2.62 2.84 3.09 2.45 3.08 2.63
H-S-H-7S 2.47 2.30 3.02 3.86 3.04 2.75
H—5—H-7R 3.71 3.33 2.46 3.26 2.50 3.03
31.1-1.4”, 1.64‘1 0.90 0.88 0.89 11.30 2.22
3J H-l'—H-7R 11.58 10.25 10.82 10.86 3.46 10.23
3J H-4—H-7S 11.87 6.74 2.95 3.30 2.74 6.23
3Jmam 1.37 2.68 12.32 3.62 12.34 4.46      
a. Interproton distances (A) were determined using the average distances from two or
more low-energy conformers at the selected (I), 1|! grid point. b. Minimum A’ was a
229
Table 19 cont’d. C-disaccharide: interproton distances and coupling constants
predicted by MM3
conformer in the A region that best fit the experimental coupling constant data ((I) =
41.2°, 1|: = 11.3°). c. Distances were based on the Boltzmann probability. (1. Coupling
constants were calculated using the modified Karplus—Altona equation.62
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H- '—H—4 3.10 2.41 3.83 3.81 2.98 3.16
H-1'—H-3 4.66 3.95 2.25 4.75 3.35 2.57
H-l'—H-5 3.38 4.70 3.05 4.59 4.71 3.23
H-2’—H-4 4.50 4.69 4.87 2.30 3.60 3.38
 
H-1'—H-7S 2.54 2.70 2.63 2.50 3.07 2.56
H—l'—H-7R 3.06 3.07 3.08 2.28 2.64 2.89
H-2'-H-7S 3.13 2.77 2.94 3.86 2.49 2.99
H-2'—H-7R 2.53 2.85 2.67 3.40 3.70 2.66
 
H-3—H-7S 2.63 3.70 3.17 2.62 3.70 2.92
H-3—H-7R 2.74 2.66 3.52 2.71 2.60 2.94
H-4—H-7S 3.09 2.59 2.40 3.10 2.66 2.56
H—4—H—7R 2.63 3.10 2.42 2.62 3.08 2.54
H-5-H-7S 2.53 2.83 3.92 2.55 2.83 2.85
 
H-5—H-7R 3.75 2.67 3.31 3.74 2.67 3.26
3JH.,._H.7s 151° 1.25 0.87 3.08 11.66 2.29
01.1.12...7R 11.60 9.31 10.91 4.53 1.72 9.64
01.4.1443 11.99 1.42 3.51 12.13 1.24 6.35
301.3,...7R 1.38 12.11 3.70 1.43 11.94 3.63        
a. Interproton distances (A) were determined using the average distances from two or
more low-energy conformers at the selected (I), 1|! grid point. b. Distances were
calculated
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Table 20 cont’d. C-disaccharide: interproton distances and coupling constants
predicted by CVFF
using all of the (I), 1|! grid points weighted by the Boltzmann probability. c. Coupling
constants were calculated using the modified Karplus-Altona equation.62
flexibility of the C-disaccharide. Minima A, B, and C were significant. CVFF
predicted a greater overall flexibility, with five conformers within 2 kcal of the
global minimum. These results, with greater than eighty-five percent ofthe populated
surface area in regions A, B, and C, were in agreement with the finding that the syn-
exo-(I) conformer was dominant and resembled the (I) conformation of O-linked sugars.
Compared to the conformation distribution predicted by MM3, CVFF predicted
increased population of minima C and D at the expense of minima A and B. These two
scenarios should be differentiable on the basis ofNOEs and coupling constants. Both
MM3 and CVFF did an adequate job of predicting 3JH7pms_mv and 3JH7me_m-; however,
CVFF did a better job of predicting the coupling constants that define the relationships
between the H-7 resonances and H-4. In terms of 1|), CVFF predicted a 48.6%/49.6%
distribution between syn- and anti-conformers, while MM3 predicted a 62.4%/36.7%
distribution.
Both MM3 and CVFF predicted that the HA S-disaccharide was more flexible
than the O-disaccharide (see Tables 21, and 22 and Figures 44 and 45). Both
probability maps contained five low-energy regions. MM3 predicted that 93% ofthe
populated area was located around minima A, B and C, while the CVFF-generated
model has 70% ofthe populated surface area in this region. Minimum D was also a
significant contributor, and this minimum should be verifiable by a strong NOE
between H-2' and H-4.
C. 1D and 2D NMR Data.
NOESY and ROESY experiments were preformed on the three disaccharides
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Figure 44. MM3-generated potential energy surfaces for the S—disaccharide of
hyaluronic acid
Top: Potential energy surface with countours drawn every 1 kcal.









Figure 45. CVFF-generated potential energy surfaces for the S—disaccharide of
hyaluronic acid
Top: Potential energy surface with countours drawn every 1 kcal.














A B c D E Pb
H-1’—H-4 2.34 2.55 3.94 3.85 2.66 2.64
 
H-1'—H-3 4.78 4.81 2.02 5.25 4.14 2.57
H-1'—H-5 4.39 4.63 2.62 5.13 4.99 3.03
H-2'—H-4 4.70 4.68 5.33 2.46 3.74 3.57        




A B C D E Pb
H-1'—H-4 2.40 2.26 3.91 3.83 2.42 2.50
H-1'—H-3 4.74 4.15 2.18 5.13 3.87 3.81
H-1'—H-5 4.35 4.72 2.40 5.00 4.77 4.03
 
H-2’—H—4 4.69 4.60 5.18 2.47 4.18 3.01        
a. Interproton distances (A) were determined using the average distances from
two or more low—energy conformers at the selected (I), 1|! grid point. b. Distances were
based on the Boltzmann probability.
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46—48 in order to determine the solution conformation or conformations of each
molecule. The 1H NMR assignments of compounds 46—48 are found in Appendix D.
For the O-and S—disaccharides, the spectra were complicated somewhat by the overlap
ofkey resonances. Conformational analysis ofthe C-disaccharide was complicated by
the two additional proton resonances on the glycosidic bond that affect the relaxation of
the neighboring resonances. But, the conformational question was also illuminated by
the H-7 resonances, because the two additional protons allowed the glycosidic angles (I)
and 1|; to be described by a Karplus equation.
The NOE spectra of all three disaccharides were simulated using the Complete
Relaxation Matrix Analysis (CORMA) method as implemented in the Triad module of
Sybyl 6.8 (Tripos Associates, St. Louis, M0).21'23 This CORMA method uses a two-
dimensional NOESY spectrum, a table ofNOEs peak-picked from the NOESY data,
and a conformer ofthe molecule under study as input. Simulated NOEs are generated
for the conformer using the relaxation matrix generated fi'om the supplied data.
The conformation of the I3-(1—94)-linked building block of hyaluronic acid is
well studied by NMR spectroscopy. This glycosidic linkage is characterized by a strong
NOE between H-1' and H-4. The disaccharide lacks the repeating unit that allows for
the propagation of a full set of interresidue hydrogen bonding or water-mediated
interactions; therefore, it is not an exact model of polymeric HA.47 NMR-derived
models identify minima A and/or B as the predominant solution conformations ofthe [3-
(1—+4)-linkage based on the strength ofthe H-1'—H-4 NOE. Holmbeck et al. estimate
this distance to be 2.1 A, using the H-l—H—3 distance as a standard and NMR data from
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an octasaccharide ofHA.49 The current results are consistent with this work.
For the O-disaccharide, the H-4 and H-2' resonances were close to one another,
but they were resolvable. In addition, the H-2' and H-5 resonances overlapped. As a
consequence, the boundaries ofthe H- '—H-2'/ H-1'—H-5 and H-1'—H-4 NOEs were
somewhat ambiguous. The boundaries of the H-1'—H-4 crosspeak were estimated by
comparison with the H—2—H-4 and H-2'—H-4'. Using this approximation, the volume of
the H-1'—H-4 crosspeak was comparable to the H-1—H-5 crosspeak and larger than the
H-l—H-3 crosspeak. Thus, the through-space interaction ofthe H-1' and H-4
resonances gave rise to a strong NOE; and the distance between them was on the order
ofthe H-l—H-5 distance, or 2.4—2.5 A. Further evidence for minimum A and/or B as
the predominant conformations in solution was found in the other interglycosidic NOEs.
The H-1'—H3 NOE was weak, and an NOE between H-2' and H-4 was not discernible.
Table 23 shows the relevant interresidue NOEs or ROEs, as well as the results of
CORMA simulations ofthe four minima A, B, B' ((I) = 30°, 1|: = —60°), and C. The
relative magnitudes ofthe simulated NOEs were consistent with the concept of the
exclusive NOE, and they supported the hypothesis that minima A and/or B were the
predominant conformations in solution based upon the presence of a strong H-1'—H4
NOE (Figure 46).
The 1H NIVIR spectrum of the C-disaccharide was more revealing in terms of
conformation because of the coupling constants that defined the conformations about
the glycosidic bonds. Analysis of 3JH1v_H7pms and 3JH1v_H7me reveals that the H-7
resonances are in a gauche—trans orientation to H-l'. Depending upon the stereospecific
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A B B'“ C ROE° NOE“ NOE“
H- '—H-4 0.388 0.731 0.488 0.045 0.374 0.279 0.300
H-1'—H-3 0.017 . 0.030 0.070 0.530 0.021 —‘ 0.014
H-1'—H-5 0.030 0.025 0.028 0.248 0.0988 0.1363 00938
H- '-H-3' 0.210 0.198 0.255 0.101 0.180 0.134 0.143
11-1—11-2 0.091 0.098 0.122 0.085 0.046 0.078 0.066
H-l—H-3 0.241 0.256 0.327 0.122 0.166 0.148 0.120
H-l—H-S 0.455 0.492 0.603 0.337 0.387 0.316 0.314        
a. CORMA simulations were performed using the NOESY data acquired at 25 °C and a
correlation time of 0. 13 ns. b. Minimum B' was added as it is a conformation cited in
other NMR/modeling studies of the (1—->4)-glycosidic linkage ofHA ((I) = 30°, 1|: =
-60°). c. ROESY experiment, 700-ms mixing time, 25 °C. (1. NOESY experiment,
700-ms mixing time, 25 °C. e. NOESY experiment, 700-ms mixing time, 35 °C. f.
The NOE was not observable under these conditions g. This peak contained the H-1'—
H-5 and H-1'—H-2' NOEs.
246


































































assignments of the H-7 resonances, the conformation about (I) was predominantly syn-
exo or non-exo. The literature precedents for B-(1—>4)-linked disaccharides and the
models generated for this study favored the assignment that resulted in the syn-exo-(I)
conformation.
The values of the coupling constants between the H-7 resonances and H-4 did
not indicate a predominant gauche—trans or gauche—gauche arrangement. Based on the
Karplus—Altona equation, they represented either a single conformational state with 1|) =
11° or — 160°, or a multi-state model. The CVFF model ofthe C-disaccharide studied
demonstrated that a 50:50 ratio of syn-1|) to anti-1|) could give rise to a similar pattern of
coupling constants. A multi-state model was more consistent with the conformations
found for C—lactose. “8’24 Therefore, 2D NMR methods and simulations were necessary
to determine the three-dimensional structure (see Table 24 for calculated NOE
intensities).
NOESY experiments at 25 °C and 35 oC revealed two principal interglycosidic
NOEs, between H-1' and H-3 and between H- 1' and H-4. Those NOEs supported the
presence of minima A, B, C, and E, collectively. There was not a detectable crosspeak
between H-2' and H-4, which indicated that minimum D was not present. In addition,
the coupling constants between H-1' and the H-7 resonances did not support minimum
D. Minimum E was ruled out as a principal component in solution on the basis of
precedent and steric arguments. Thus, only minima A, B and C remained.
Since there were two additional proton resonances on the glycosidic carbon
atom, it was possible that the interglycosidic NOEs arose due to spin diffusion
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A A' B c D E
H-1'—H-4 0.081 0.236 0.269 0.045 0.040 0.077
H-1'—H-3 0.020 0.017 0.039 0.495 0.024 0.098
H-1'—H-5 0.071 0.035 0.029 0.121 0.036 0.029
H-2'—H-4 0.024 0.019 0.028 0.027 0.290 0.087
H-1'—H-3' 0.207 0.204 0.297 0.188 0.199 0.194
H- '—H-5' 0.265 0.264 0.378 0.282 0.266 0.261
H-l—H-2 0.344 0.343 0.499 0.371 0.344 0.326
H-1'—
H_7proR 0.115 0.101 0.148 0.100 0.217 0.179
I“ ’ 0.188 0.146 0.238 0.149 0.275 0.018
H-7proS
H-2'—
H_7me 0.225 0.166 0.252 0.195 0.080 0.081
H'“ ‘ 0.121 0.132 0.194 0.144 0.047 0.194
H-7proS
““411;ng ‘ 0.128 0.204 0.021 0.048 0.218 0.171
E71333 ’ 0.150 0.119 0.109 0.072 0.120 0.079
““11;sz ’ 0.185 0.125 0.305 0.312 0.169 0.114
37$“ ’ 0.113 0.107 0.183 0.290 0.109 0.194
“$7,2ng ’ 0.112 0.150 0.385 0.082 0.145 0.156
H'gf‘s’s ’ 0.260 0.324 0.218 0.051 0.315 0.264      
a. CORMA simulations were performed using NOESY data acquired at 35 °C (500-ms
mixing time) and a correlation time of 0.13 ns. b. Minimum A’ is a conformer in the A
region that best fit the experimental coupling constant data ((I) = 41 .2°, 1|) = 11.3°).
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mediated by the H-7 resonances. Thus, the H-7 resonances would act to relay or
transfer magnetization across the glycosidic linkage, causing the appearance of false
NOEs. A QuietNOE63 experiment was used to determine the relative intensities of
interglycosidic NOEs in the absence of spin diffusion by the H-7 resonances. In this
experiment, a NOESY pulse sequence was used, and the H-7 resonances were inverted
at the midpoint ofthe mixing time. At the end of the mixing time, the resulting
crosspeak intensities reflected more closely the actual interproton distance relationships.
The inversion of selected spins during the mixing time rendered their initial and final
magnetization of opposite sign, largely canceling out crosspeaks that arose fiom spin
diffusion. As shown in Table 25, the relative peak intensities were unchanged when
compared to the normal NOESY results. Thus, the interglycosidic NOEs were not the
products of spin diflhsion mediated by the H-7 resonances.
The H-3 and H-3' resonances were close in chemical shift, and this made the
determination of the volumes of the H- '—H-3' and H- '—H-3 NOEs difficult. These
measurements were important to determining the relative pr0portions ofthe A, B and C
minima. 1D NOE experiments were performed with irradiation of the H—1' resonance.
The results ofthese experiments showed that the H-1'—H-4 NOE is twice the size of the
H-1'—H-3 NOE. This suggested that the predominant conformation in solution
resembles minima A and/or B, which is similar to the O-disaccharide; and the smaller
proportion resembles minimum C, which has been reported for other C-
disaccharides. “8’24
The simulated NOEs confirmed that the exclusive NOE arguments were valid
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NOE NOESY“ QuietNOE 25 °cb
H-1'—H-4 0121" 0.117
H- '—H-3'








H-7 — H-3 0.140 _
H-7 — H-4 0.161 _
H-7— H-5 0.136 —
a. 600-ms mixing time, 25 °C b. 600-ms mixing time, 25 °C c. All values are
measured intensities from experimental data.
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for identifying particular conformational families in solution. These results also
demonstrated that all of the predicted low-energy conformations might not be directly
translatable to solution conformations. For instance, minimum A for the C—disaccharide
was shifted from that found for the O-disaccharide. As a consequence, the acetamido
and carboxylate groups were farther apart in space. In addition, H-1’ and H-4 were
farther apart, and H-1' and H-5 were closer together. These changes were reflected in
the predicted NOEs in Table 24 and the predicted interproton distances in Tables 19 and
20. For minimum A as predicted for the C-disaccharide, the H-1'—H-4 NOE wais
comparable in intensity to the H-1'—H-5 NOE, and both appeared to be relatively weak.
A conformer in the minimum A well for which the value of 1|) was closer to zero better
fit the data (see colurrm A’ in Table 24), as did the minimum B representative
conformer. The simulated NOEs fiirther indicated that the H-1’—H-3 NOE must arise
from the minimum C region.
The CORMA simulations were also useful in visualizing the relative NOE
intensities of the interglycosidic protons. The data clearly illustrated the consequences
of reversing the assignments of these resonances (see Table 24, columns A and E). The
H-7 resonances were not resolvable at 25 °C, but were separated enough at 35 °C to
permit approximate quantitation of individual NOEs. The H-7proS resonance exhibited
stronger NOEs to H-1’ and H-5, while H-7proR exhibited stronger NOEs to H-2’ and H-
3. The NOEs to H-4 for both resonances appeared to be equivalent. The best match
between the relative intensities of simulated and experimental NOEs was met by
minima A and A’. Minimum A’ in particular provided a good fit between the simulated
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and experimental data. There was a significant NOE between H-1’ and H-4.
Furthermore, the relative intensities ofthe H—7 NOEs to surrounding resonances were in
agreement with the experimental data, save for the NOE fi'om H-7proS to H-5, which
was greater in intensity than the H-1’—H-4 NOE. Minimum A’ also dif not account for
the presence of an NOE between H-1' and H-3, as was observed in the 1D NOE
experiments. Minimum A ((I) = 60°, 1|) = 45°) had a weak NOE between H-1’ and H-4
that was comparable in intensity ofthe H—1’—H-5 NOE. Thus, the region of minimum A
was subdivided into two likely minima (A and A’), and these structures were used to
provide a more accurate description of the solution conformation.
The minimum C conformer contributed a strong NOE between H-1’ and H-3, as
well as a much weaker NOE between H-1’ and H-5. For minimum C, the NOEs
between the H-7 resonances and H-3, as well as H-5, were weak. Thus the NOEs
between those resonances most likely arose fiom another conforrner—A, A’, or B.
Furthermore, the weak H-1’—H-5 NOE suggested that the conformation of 1|) remained
in the negative anti-1|) region (0° to -180°).
Using the relative NOE intensities for the minima A, A’, B, C, and E from the
CORMA simulations and the 1D and 2D NMR data, a picture of the solution
conformation ofthe C—disaccharide was formed (see Figures 47 and 48). The
proportionality was maintained between the values ofthe H-1’—H-4 and H-3—H-5
NOEs, as well as between the H-3—H—5 NOE and the combined volumes ofthe H-1'—H-
3, H-1'—H-3’, and H-3’—H-5' NOEs. Under these conditions, the conformer distribution
40:30: 10: 10: 10 A:A’:B:C:E fit the experimental NOE data reasonably well. Based on
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inherent errors in measurement and calculation, the percentages could vary 5—10%.
However, when these percentages were used to calculate coupling constants, the
calculated values were within 1 Hz of the experimentally measured values. Thus, the
results of this study indicated that the C- disaccharide populated the same
conformational families as the O-disaccharide up to seventy percent ofthe time;
however, this apparent similarity belied the differences in the two molecules. The
NIVIR data indicated that the C—disaccharide was much more flexible than the 0-
disaccharide, as evidenced by the number of different conformers populated, as well as
the differences in (I) and 1|) among some of the common minima.
The 1H NIVIR spectra ofthe S-disaccharide were complicated by the overlap of
the H-3, H—4’, and H-5’ resonances. Thus, the intensity ofthe NOE or ROE between
H-1’ and H-3, which indicated the presence of the minimum C conformation, was
obscured by the intraring interaction between H—1' and H-5’. Simulation ofthe NMR
data was essential to estimate the relative intensities of overlapping NOEs. The
CORMA simulations indicated that the H-1’—H-5' NOE was smaller than the H-l—H-5
NOE (see Table 26). Thus, the H-1’—H-3 NOE was not insignificant. However, it was
difficult to reconcile the intensity of the H-1’—H-3 NOE with the considerably lesser
intensity of the H-1'—H-5 NOE ifthe anti-1|) conformation was the chief source of the
H-1’—H-3 NOE. This discrepancy implied the presence of a conformation in which the
H-1'—H-3 interaction was capable of producing an NOE without similar proximity
between H-1’ and H-5. This requirement was satisfied by the B’ conformer, where (I) =
30° and 1|) = -50°. The conformers A, B, B', and C present in a ratio of 20:40:40
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Table 26. Calculated and experimental NOE intensities for the S—disaccharide
 
 
         
Calculated“ Experimental
NOE
A B c D E ROE“ NOE“ NOE“
1:: 0.561 0.397 0.058 0.062 0.577 0.226 0.226 0.150
PEI; 0.027 0.026 0.350 0.010 0.056 0472’ 0474’ 0.358“
1:15- 0.029 0.020 0.256 0.009 0.027 0.029 0.036 —‘
IE“;- 0.028 0.009 0.848 0.048 0.048 0.008 0.008 —f
:13:- 0.273 0.291 0.132 0.315 0.255 0.188 0.184 0.152
P1115,” 0.446 0.473 0.171 0.503 0.409 0.472° 0.474e 0.358°
H-l-H-3 0.304 0.303 0.132 0.295 0.284 0.194 0.204 0.152
H-l—H-S 0.565 0.570 0.389 0.543 0.545 0.429 0.349 0.314
a. CORMA simulations were performed using the NOESY data acquired at 25 °C and a
correlation time of 0. 13 ns. b. ROESY experiment, 700-ms mixing time, 25 °C. c.
NOESY experiment, 700-ms mixing time, 25 °C. (1. NOESY experiment, 700-ms
mixing time, 42 °C. e. This peak contained the H-1’—H-3 and H-l’—H-5’ NOEs. f. This
peak was not detected.
266
 
A:B/B’:C best fit the experimental data (Figure 49). This ratio was based on the
simulated individual intensities of the H-1’-H3 and H-1'—H5’NOEs, as well as the ratio
between the H-1’-H-4 and H-l—H-5 NOEs. It is possible that other combinations of
conformers fit the data as well; however, this result is consistent with NMR studies of
other S—disaccharides.9
It is also possible for the interresidue NOEs to support the presence of minimum
E. However, steric and electronic arguments, as well as precedent can be brought to
bear against this conformer, which is not stabilized by an exo-anomeric effect. Further
study on mixed-linkage oligosaccharides should shed fiirther light on this question. At
this time it is hypothesized that minimum E exists to a very small extent in solution if at
all.
D. Molecular Dynamics Simulations.
Since minimum A was predicted to be present in solution for all three
disaccharides, the minimum energy conformers in this region were used as starting
structures for 3-ns molecular dynamics simulations to assess the persistence of this
conformer, as well as other dynamic properties, including hydrogen-bonding patterns
and the conformation ofthe hydroxymethyl group ofthe N—acetyl-D-glucosamine
residue. Based on the results of the (I), 1|) searches, both MM3 and CVFF predicted that
the GT conformer ofN—acetylglucosamine was lower in energy than the GG conformer.
This was attributed to a weak hydrogen bond between 0H-6' and 0-5’ in the GT
conformation.64
The trajectory of the O-disaccharide revealed a narrow range of conformer
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distribution about (I) and 1|) (see Table 27). The simulation accurately represented the
flexibility of the glycosidic torsion angles in the distance between H-1’ and H-4, ~2.42
A.
For two brief periods, the anti-exo-(I), syn-1|) conformation was present, but the
syn-exo-(I), syn-1|) conformational family was dominant throughout the simulation. The
prediction ofthe minor low-energy conformation in addition to mirnima A and B
appeared to be dependent upon the forcefield. CVFF predicted the anti-exo-(I), syn-1|)
conformational family was present to a small extent in both the grid search calculation
and the molecular dynamics. However, it was not a real minimum based on
unrestrained minimization of the minimum E conformer. See Figure 50 for the
molecular dynamics trajectory of the HA O-disaccharide.
Table 27. Average distances calculated from the 3-ns molecular dynamics trajectory of
the O-disaccharide
 
Distance Period 1“ Period IIb Period IIIc
H—l'—H-4 2.418 2.444 2.414
H-1'—H-3 4.460 4.426 4.434
 
H-1’—H-5 4.138 4.171 4.162
H-2'—H-4 4. 500 4.441 4.490     
a. 0 ps to 1000 ps. b. 1001ps to 2000 ps. c. 2001 ps to 3000 ps.
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Figure 50. Results of molecular dynamics simulations: O-disaccharide
Top: plot of the trajectory of (I)
Middle: plot of the trajectory of 1|)
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The results of the molecular dynamics simulation of the O-disaccharide were in
agreement with the predicted conformation of the hydroxymethyl group, based on the
observed coupling constants (see Appendix D for a table of chemical shifts and
coupling constants.) The amide group oscillated around 180° 1 50°, which was
consistent with previous studies ofHA.
The molecular dynamics simulation ofthe C-disaccharide showed two principal
conformational families: syn-exo-(I), syn-1|) and anti-exo-(I), syn-1|) (see Figure 51). In
addition, the non-exo-(I), syn-1|) conformational family was populated to a small extent.
Based on the distance between H-2’ and H-4 in period 111, one expected to see an NOE
between these two resonances. However, there was no detectable NOE between H—2’
and H-4. According to the molecular dynamics simulation, the principal minima were
A, A’ and D. However, according to the NMR data, the principal minima were A and
A', with B, C, and E populated to a lesser extent. Table 28 shows the predicted
distances from the simulation.
The distances and coupling constants predicted from periods I and H matched
the experimental data in a much more satisfactory fashion. In periods I and II, the 1|)
torsion remained between 60° and -60°, and was more often above 0°. Thus, minima A
and B were both present during the simulation, and the average value of (I) was 54° in
period I and 54° in period 11. This result was consistent or close to the results from the
NMR studies. The MD simulation further predicted the GT conformation to be
populated to a large extent, with some ofthe TG conformer, and little of the GG
conformer. These results deviated from the populations calculated from the NMR
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Figure 51. Results of molecular dynamics simulations: C-disaccharide
Top: plot ofthe trajectory of (I)
Middle: plot of the trajectory of 1|)





































    
Distance Period 1“ Period IIb Period IIIc
H-1'—H-4 2.592 2.742 4.650
H-1'—H-3 4.568 4.623 4.603
H-l'—H-5 4.494 4.538 4.480
H-2'—H-4 4.630 4.397 2.569
H-1'—H-7proR 3.072 3.009 2.376
H-1’—H-7proS 2.593 2.577 2.375
H-2’—H-7proR 2.596 2.665 3.278
H—2'—H-7proS 3.024 3.083 3.885
H-3—H-7proR 2.653 2.649 2.586
H-3—H-7proS 2.918 2.949 2.945
H-4—H-7proR 2.785 2.802 2.815
H-4—H-7proS 3.015 2.995 3.023
H-5—H-7proR 3.490 4.450 3.475
H-5—H—7proS 2.541 2.553 2.523
3J 51:11-7me 10.785 9.875 3.042
3J H-1._H-7p,.s 1.772 2.466 4.987
”0141144,,“ 3.419 3.779 3.121
3JMEWS 8.769 8.499 8.515
a. 0 ps to 1000 ps. b. 1001ps to 2000 ps. 0. 2001 ps to 3000 ps.
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data, as the GG conformer was the predominant one (Appendix D).
The Nfl) trajectory ofthe S-disaccharide indicated that the (I) torsion was more
flexible than 1|) (see Figure 52 and Table 29). The syn-exo-(I), non-exo-(I), and anti-exo-
d) conformers were all predicted to be present, while 1|) was centered near 0° throughout
the simulation. The greater flexibility of (I) vs. 1|) was contrary to the data from the 2D
NIVIR studies. Moreover, the presence of an NOE between H-1' and H-3 and the
absence of an NOE between H-2’ and H-4 was not inferred from the MD data. These
discrepancies suggested that the MD simulation did not firlly represent the conformation
ofthe molecule in solution. Based on the NMR results, one expected (I) to be fairly
rigid in the syn-exo-(I) conformation, while 1|) populated both syn-1|) and anti-1|)
conformations. The predictions about the 00 torsion angle were also somewhat
unrealistic as compared to experimental data.
IV. Conclusions and Future Work.
The results of this study demonstrated that the O-disaccharide of hyaluronic acid
was less flexible in aqueous solution than identically substituted C— and S—disaccharides.
This was reflected in the predictions of the conformational searches, the molecular
dynamics simulations, and the NMR data. The C-disaccharide populated the minimum
A region to a large extent (70%), but the minimum A representative conformer was
shifted towards a greater value of 1|) as compared to the O-disaccharide. Thus, the 0-
and C-disaccharides were similar but the C—disaccharide was more flexible in (I) and 1|).
This result was consistent with the slightly larger bond distance and loss of lone pair
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Figure 52. Results of molecular dynamics simulations: S—disaccharide
Top: plot of the trajectory of (I)
Middle: plot ofthe trajectory of 1|)
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Table 29. Average distances calculated from the 3-ns molecular dynamics trajectory of
the S-disaccharide
 
Distance Period 1“ Period IIb Period IIIc
H-1’—H-4 2.592 2.742 2.569
H-1'—H-3 4. 568 4.623 4.603
 
H-1'—H-5 4.494 4.538 4.480
H-2'—H-4 4.630 4.397 4.650     
a. 0 ps to 1000 ps. b. 1001ps to 2000 ps. c. 2001 ps to 3000 ps.
interactions on going fi'om oxygen to carbon. The anti-1|) minimum was much less
important for the C-disaccharide of hyaluronic acid than for either of the results for C-
lactose. This fact may indicate the influence of intraring hydrogen bonding or water-
mediated interactions were more important for hyaluronic acid than for lactose.
For the S—disaccharide, the B’ and C minima were much more significant than
for the C—disaccharide or the O-disaccharide. The prominence of the anti-1|) minimum
was consistent with studies of similar molecules—the amount anti-1|) minimum was
almost on the order ofthat found for S-lactose.9 Thus, the (I) torsion was somewhat
rigid under the influence of the exo-anomeric effect. Yet, as a consequence ofthe
longer glycosidic bonds, the aglyconic bond was much more flexible.
The molecular modeling approaches employed in this study performed well in
the models of the O-disaccharide. They did an adequate job at identifying the principal
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conformers ofthe other two disaccharides in solution, and MMB was better than CVFF
in this regard. CVFF performed fair to poor in modeling the C-disaccharide of
hyaluronic acid. The predicted population of the syn-exo-(I), syn-(-)-1|) was not
overestimated, although it failed in the prediction ofthe relative amounts ofthe syn-
exo-(I), anti-1|) and anti-exo-(I), syn-1|) conformers. MM3 also overestimated the
population ofthe syn-exo-(I), anti-1|) conformer. For the S-disaccharide, the syn-exo-(I),
anti-1|) conformer proved to be more important than the anti-exo-(I), syn-1|) conformer,
and in that respect MM3 did a better job than CVFF. MM3 correctly predicted the
population ofthe minimum C region, and the principal minima as A, B and C.
However, the relative abundances ofminima A and B were reversed.
The nuances ofthe dynamic solution conformations ofthe S-disaccharide and
the C—disaccharide were not addressed in the modeling protocol. However, the
simulation of the C-disaccharide was close to the NMR data through periods I and II for
the glycosidic bonds. The conformations of the hydroxymethyl groups also were
problematic for the C- and S-disaccharides. The simulation might be improved by
reparameterizing the current force field (CVFF), using other force fields, such as
CHARMM or GLYCAM93, or by adding explicit solvent molecules. Ultimately, the
models were very useful in providing a scaffold for the interpretation of 1D and 2D
NMR data.
The relevance ofthe individual disaccharides is found in the similarity ofthese
subunits to the conformation of polymeric HA. Although the two “unnatural”
disaccharides appear to be more flexible than the 0-linked disaccharide, they present
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opportunities for fiirther research. The model of polymeric HA developed by Almond
and co-workers predicts a minimum B’ conformation for the terminal linkages and an
increased amount ofupper-bound minimum A-type conformers, and possibly minimum
C conformers in the internal linkages. If this is true, the C- and S-disaccharides might
better approximate “polymeric” (1-—>4)-linkages at a smaller degree of polymerization
than the natural counterpart.
Future work in this area includes the next steps ofNMR and modeling studies—
mixed-linkage tetrasaccharides and beyond. The 2D NMR/CORMA methodology will
be applied to the study ofthe tetra- and hexasaccharides, with modifications to handle
more complex molecules. NMR experiments in aqueous and organic environments are
planned to fiilly assess molecular conformation, the hydrogen-bonding network of each
molecule, and the conformation ofthe acetamido group.
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Chapter 4. Conformational Studies of Crystalline C-Disaccharides of
Hyaluronic Acid.
1. Background.
Several solid-state structures ofHA have been published, either as part of a
larger structure including a protein molecule or as a single species, as in the fiber
diffraction studies done by Arnott and co-workers (see Figure 53).“‘3 From Amott’s
work, the chief interresidue hydrogen bonds predicted were those from a hydroxyl
group of one residue to the ring oxygen ofthe next. In the presence of divalent cations
such as calcium, interchain associations were mediated by the interaction ofthe cation
with carboxylate groups on neighboring strands ofHA. Water was also shown to
interact with the HA molecule. 0f the other solid-state structures, only one contained
an intact (1—+4)-glycosidic bond. These examples came from crystal structures of
enzymes that cleave HA, including bee venom hyaluronidase4 and hyaluronate lyase
from Streptococcuspneumoniae.5 These models provided insight into how HA
interacted with proteins, but the information may not be relevant to other proteins that
bind HA but do not cleave it.6 The crystal structure of an HA hexasaccharide
cocrystallized with bee venom hyaluronidase revealed the HA tetrasaccharide B-D-
Gch-(1—>3)-I3-D-GlcNAc-(1—>4)-I3-D-Gch-(1——>3)—B-D-GlcNAc in the binding
pocket, due to enzymatic cleavage prior to crystallization (Figure 54).4 The
conformation ofthe single (1—->4)-glycosidic linkage was consistent with that predicted
by NIVIR and modeling studies.7'10




Figure 53. Three-dimensional structure ofHA from fiber-diffraction pattern from
Guss, J. M et al. J. Mol. Biol. 1975, 95, 359-384. (PDB accession code 2HYA)
 
Figure 54. Hyaluronic acid tetrasaccharide in the binding pocket ofbee venom




structures vary in the degree they mimic the conformation of their 0-counterparts,ll as
well as the number of similarities between solid-state and solution (NMR) structures.
Examples of crystalline C—disaccharides include two (1—>6)-linked disaccharides of
glucose, isomaltose (49) and gentiobiose (50), which differ only in the orientation of the
glycosidic linkage (see Figure 55.) C-Isomaltose was synthesized and crystallized by
Skrydstrup and co-workers12 and compared with NMR data acquired by Kishi’s group
on the same compound obtained by a different synthetic route.13 The solid-state
conformation can be characterized as syn-exo-(I), syn-1|), 00 = 62° and was similar to a
local minimum energy structure predicted for isomaltose”. The NIVIR studies of C-
isomaltose confirmed that the solution structure can be characterized as syn-exo-(I), but
the values for 1|) and (0 (predicted on the basis of coupling constant data) were much
different than the crystalline conformation. Neuman et al. solved the crystal structures
of methyl gentiobioside and its C-analog and found that there was a marked difference
in the conformation of the two disccharides15 . Interestingly, models indicated that







HO OH OH OH 0“
Isomaltose (49) Gentiobiose (50)
Figure 55. Isomaltose (49) and gentiobiose (50)
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in this study was supported by the crystal structure data. NMR data on the C-analog
agreed with the solid-state conformation for (I) and 00.
Kishi’s group has made many C-glycosides in the course oftheir synthesis of
palytoxinm’l7 and used the synthetic methodology they deve10ped to synthesize more C-
linked saccharides. One ofthese was C-sucrose (Figure 56).18 Crystal structures of
natural sucrose and its C-linked analog as octaacetates revealed differences in (I) and 1|),
although they both belonged to the same conformational family, syn-exo-(I), syn-1|). The
major conformer of C-sucrose in aqueous solution was also in agreement with the
crystal structure conformation.
Ciunik and co-workers crystallized methyl 4,6-0-benzylidene-2-deoxy-2-C—
(1 ,2: 3 ,4-di-0-isopropylidene-L-glycero-D-galacto-hexopyranos-6-yl)-0r-D-arabino-
hexopyranosid-3-ulose monohydrate19 (53, Figure 57). The (S)-alcohol was
characterized as the syn-exo-(I) conformation, while the (R)-alcohol 54 was predicted to
have the anti-exo-(I) conformation. The hydroxyl group on the interglycosidic carbon





Figure 56. C-sucrose 51 and its octaacetate 52
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53 (S)-alcohol 54 (R)-alcohol
Figure 57. C-disaccharides studied by Ciunik et al.
Beau and co-workers crystallized the product of the addition of a pyridyl sulfone
nucleophile to cyclohexanecarboxaldehyde, a disaccharide-like molecule that
demonstrated the feasibility ofthe pyridyl sulfone methodology with 2-amino-2-deoxy
sugars (Figure 58).20 The crystal structure can be characterized as syn-exo-(I), in






Table 30. Summary of crystal structure data for C-disaccharides
 
Structure (I) Family 1|)
56 -65.61° syn-exo 1|)“ = 51.68°
Methyl C-gentiobioside 50 559° anti-exo 1|)“ = -175.1°
C-isomaltose 49 49° syn-exo 1|)CS = 64°
C-sucrose 52 66.0° syn-exo 1|)“:2 = - 759°
Ciunik et al. 53 -79.8° syn-exo 00‘ = 179.50  
All ofthe structures discussed share a common feature—they adopted
conformations families that were consistent with the exo-anomeric effect for O-Iinked
sugars. Only one, methyl C—gentiobioside was not in the syn-exo-(I) family (Table 30).
This trend underlined the tendency for C-glycosides to maintain a gauche relationship
between 0-5' and C-4, which was demonstrated qualitatively by Kishi and co-workers21
and investigated computationally by Houk and co-workers, who termed this
phenomenon the exo-deoxoanomeric effect.22
11. Statement of the Problem.
The published structures of C-disaccharides included several examples of molecules in
solution and a handfiil of solid-state structures. Examination ofthe solid-state
structures revealed that, despite the fact that these molecules vary in the degree they
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were conforrnationally similar to 0-linked analogs,ll most ofthese molecules
shared a common conformation ofthe glycosidic torsion angle (I). The crystal structure
of a modified C-disaccharide provided another opportunity to study the conformation of
C-disaccharides in order to understand the factors that influence conformation.
The aims ofthis work were as follows:
1. To explore the potential energy surface of the crystal structure ofp-
methoxyphenyl C-(2-acetamido-4,6-benzylidene-3-0-tert-butyldimethylsilyl-2-
deoxy-B-D-glucopyranosyl)-(1—>4a)-(4aR)-2,3-di-0-benzyl-4a-hydroxy-6-O-p-
methoxybenzyl-4a—carba-B-D-glucopyranoside (56), a C-disaccharide in the
crystalline state.
2. To evaluate the potential energy surface of compound 57 and its C-7 epimer 58,
analogs of 56, to assess the conformational changes motivated by substitution on
C-7 of C-disaccharides of hyaluronic acid (see Figure 59).
III. Results and Discussion.
The crystal structure data assign C-disaccharide 56 unambiguously as the R-
epimer isolated from the samarium iodide-mediated coupling reaction (see Figure 60).
The orientations of the hydroxymethyl groups are GT and TG for glucose and N-
acetylglucosamine, respectively (see Table 31). The hydroxymethyl group ofthe
GlcNAc ring is constrained to the TG orientation by a 4,6-0-benzylidene acetal. (I)2 (O-
5—C-25—0-6—C-5 1) for the O-glycosidic bond is -70.70°, and both sugar rings are
found in the 4C1 conformation. The Cremer—Pople23 ring-puckering parameters for the
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Figure 60. ORTEP diagram of 56
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Table 31. Relevant torsion angles fiom the crystal structure of 56
 
 
Residue Angle Definition Value, degrees
GlcNAc 0-3—C-13—C-12—C-11 57.31 (0.31)
GlcNAc C-13—C-12—C-11—C-10 -53.69 (0.31)
GlcNAc C-12—C-11—C-10—C-9 54.18 (0.31)
GlcNAc C-l 1—C-10—C-9—0-3 -60.39 (0.32)
GlcNAc C-lO—C-9—O-3—C-13 64.46 (0.32)
GlcNAc C-9—O-3—C-13—C-12 -61.82 (0.31)
Glc 0-5—C-25—C-26—C-27 59.78 (0.31)
Glc C-25—C-26—C-27—C-23 -54.69 (0.32)
Glc C-26—C-27—C-23—C-24 54.31 (0.32)
Glc c—27—c-23—c-24—o-5 -57.04 (0.30)
Glc C-23—C-24—O-5—C-25 66.33 (0.30)
Glc C-24—0-5—C-25-C-26 -68.30 (0.32)
<|>1 (0-3—C-13—C-22—C-23) -65.61 (0.33)
01 (C-13-C-22—C-23—C-24) 51.68 (0.36)
GlcNAc (01 (O-3—C-9—C-8—0-2) -177.54 (0.28)
GlcNAc C-l 1—C-12—N-1-C-20 -138.56 (0.32)
Glc (I)2 (0-5—C-25-0—6—C-51) -70.70 (0.32)
GlcNAc <62 (O-5—C-24—C-28—O-13) 66.48 (0.32)
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GlcNAc ring were Q = 0.598 A, 0 = 32°, (I) = 348.96°, and for the glucose ring, Q =
0.613 A, 0 = 40°, (I) = 356.29°. (I) for the newly formed C-glycosidic linkage is
-65.61°, while 1|) is 51.68°. Thus, the disaccharide could be characterized as syn-exo-
(I), anti-1|).
The results of the molecular modeling calculations are summarized in Table 32.
The potential energy surface for the (R)-alcohol 57 is shown in Figure 61. The global
minimum predicted by this approach and the local minimum corresponding to the
crystal structure are shown in Figure 62. According to the MM3(2000) generated
potential energy surface, the lowest energy structure was not the one found in the
crystal structure. Global minimum XR-ltrans was in a deep, narrow well that was part
of a broader valley centered at (I) = -60°, 1|) = -60°. This conformation had an anti-
disposition between 0-5' and C-4. Minimum XR-2cis was situated in a smaller valley
((I) = 60°, 1|) = 180°) and was part ofthe syn-exo-(I) family. Both trans and cis
conformations ofthe amide were found in this region, with the cis conformer slightly
lower in energy than the trans conformers. In general, MM3 determined the cis-amide
conformers to be lower in energy than trans conformers, and the cis preference was
exacerbated when the amide is surrounded by equatorial methoxy groups.24 Minimum
XR-21rans corresponded to minimum C in previous discussions of 0-, C-, and S-
disaccharides and was validated by the crystal structure conformation. Analysis ofthe
Newman projections (see Appendix A) of glycosidic conformers demonstrated that the
non-exo-(I) conformer (global minimum) should be higher in energy than the syn-exo-(I)
conformer due to a 1,3-diaxial interaction between N-2' and 04 However, if one
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Table 32. Summary of molecular modeling results
 
 
       
Structure <1) ‘1’ 1:61:23; % Family H- Isomer, AE
ID (kcal/mol) Population bond (kcal/mol)
IXR' -60°, -600 —° 89.1 N°“'°x°'¢ Yb -—
trans Syn-(— )4“
XR-2cis 60°, 180° 1.29 10.3 Syn'“?‘°'¢ Y XR'Z’mm’
Ann-1|; 0.2 1
XS-lcis 60°, 180° — 41.9 Syn?” "1’ — xs’l’mm’
Ann—1|; 0.85
XS' —60°, -60° 0.17 32.2 N°“'°x°'¢ Y —
2trans Syn-(- )‘ll’
XS- 0 o Syn-exo -(I) XS-3cis,
3m” 60 , 30 0.62 14.2 Syn-(+111! — 0.04
XS-4cis 180°, 0° 0.97 11.3 Antifm'd’ w —
Eclrpsed-lI)
a. The difference in energy between a local minimum and the global minimum. b. Y





Figure 61. Potential energy surfaces of the (R)-alcohol 57
Top: Contours represent 1 kcal.
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compared the overall conformations, both have a 1,3-diaxial steric interaction.
Furthermore, both conformations were stabilized by an interresidue hydrogen bond.
Minimum XR-ltrans has a hydrogen bond between the N-H ofthe acetamido group and
0-3, as well as a weak hydrogen bond between OH-7 and 0-5’ (Figure 62). Minimum
XR-21rans has a hydrogen bond between the carbonyl oxygen ofthe acetamido group
and 0H-7.
According to the MM3 steric energy, the difference between the two trans
minima was largely accounted for by the difference in hydrogen-bond energy and non-
1,4 van der Waals interactions. 0fthe total energy difference of 2.35 kcal/mol, 0.92
kcal/mol was due to the contribution non-1,4 van der Waals interactions and 0.75
kcal/mol was due to hydrogen bonding interactions—both of these energy terms were
scaled by the dielectric constant. A survey of non-1,4 vdW energy terms for minimum
XR-21rans revealed that the largest non-1,4 contributions were due to interaction of a
carbohydrate ring hydrogen with one of the hydrogen atoms on the pendant methoxy
group. Minimum XR—ltrans was not free from these interactions; therefore, there must
be another origin for the difference between the two conformers. If instead one
considered the largest negative contributors to the non-1,4 vdW energy for XR-ltrans,
it was obvious that significant contributions were made by atoms involved in hydrogen
bonds, in particular the interaction between H-7(OH-7) and 0-5’, which contributed —
0.384 kcal/mol to the van der Waals non-1,4 energy. Moreover, when the two
conformers were reminimized at a dielectric constant of 80, XR-ltrans was still lower
in energy than XR-2trans, but the difference was 0.42 kcal/mol.
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The PE surface ofthe (S)-alcohol was similar to that of the (R)-alcohol, but the
global minimum XS-lcis was found at (I) = 60°, 1|) = 180°, and the next local minimum,
XS-2trans, was located at (I) = —60°, 1|) = -60° (Figures 63—65). However, these
minima were much closer in energy (AB = 0.17 kcal/mol); and there were four minima
within 2 kcal/ mol of the global minimum energy (Figures 64 and 65). Analysis of
minimum XS-lcis revealed three diaxial steric interactions: one between 0-7 and N-2’,
as well as two due to the orientation of 1|)—between 0-5' and C-5 and between 0-7 and
0-3. There were also weak hydrogen bonds between the NH of the acetamido group
and 0-7 and OH-7 to 0-3. Minimum XS-21rans was destabilized by two syn-diaxial
steric interactions involving the following atoms: C-7 and N—2’, and N-2' and C-4.
There was one hydrogen bond between the NH of the acetamido group and 0-3, and
one weak interaction between 0H-7 and 0-5’. Minimum XS—3trans ((I): 60°, 1|) = 30°)
had one syn-diaxial interaction and no hydrogen bonds. This minimum resembled most
closely the conformation ofthe O-linked HA disaccharide, and was also predicted for
the C-HA disaccharide in aqueous solution. Minimum XS-4cis ((I): 180°, 1|) = 0°) was
stabilized by a weak hydrogen bonding interaction between the NH of the acetamido
group and 0-3.
For C—lactose analogs (MM3, e = 80) with a hydroxyl group on the interglycosidic
carbon, the (R)-alcohol 59 was predicted” to populate three principal
conformational families: syn-exo-(I), syn-1|) (43.4%); syn-exo-(I), anti-1|) (36.5%); and
non- exo-(I), syn-1|) (19.8%) (see Figure 66). This represented a departure from the
unsubstituted C-lactose in the population shift fi'om syn-exo-(I), anti-1|) to non-exo-(I),
321

Figure 63. Potential energy surfaces of the (S)-alcohol 58
Top: Contours represent 1 kcal.
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Figure 66. C-7 substituted analogs of C-lactose
syn-1|).“6’27 However, the NMR data did not demonstrate the presence of a significant
amount ofthe non-exo-(I), syn-1|) conformer. The authors concluded that the NOE and
3JHH evidence supports a 60:40 distribution of syn-exo-(I), syn-1|):syn-exo-(I), anti-1|)
conformers. These results further indicated that the conformation of the (R)-alcohol 59
is very similar to that of the parent compound (lacking C-7 hydroxyl group). The
prediction of the non-exo-(I), syn-1|) conformer in the MM3 models was attributed to
electrostatic interactions that were overvalued in the absence of explicit solvent
molecules. The model of the (S)-alcohol 60 indicated that syn-exo-(I), anti-1|) (82.6%)
and syn-exo-(I), syn-1|) (15%) were the predominant conformers in solution, although
NMR evidence indicated the contrary. “5 The syn-exo-d), syn-1|) conformer was
populated to the greatest extent, while anti-exo-(I), eclipsed-1|) and non-exo-(I), syn-1|)
conformers each accounted for 10—15% ofthe population in solution. Thus, the
population distribution of the (S)-alcohol was more like that of the O-Iinked lactose,
although the C-linked derivative exhibited much greater flexibility.
The MM3 predictions for the (R)-alcohol 57 did not agree with the global
minimum conformation found in the crystal structure (syn-exo-(I), anti-1|)), as the region
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surrounding XR-ltrans [syn-exo-(I), syn-(-)-1|)] represented nearly 90% of the occupied
surface area. Multiple explanations can account for this discrepancy. The simulation as
performed with methyl ether caps did not take into account the interactions ofthe four
phenyl rings (i.e., aromatic stacking); alternatively, the MM3 results overvalued
electrostatic interactions in the absence of a “true” crystalline environment.”28 Both of
these factors may have played a part. When minima XR—ltrans and XR-Ztrans were
minimized using a dielectric constant of 80, the difference in their energies was within
0.4 kcal. Mitigation of hydrogen bonding or other contribution to vdW non-1,4
interactions made the XR—ltrans and XR-2trans minima closer in energy and provided
better agreement with the crystal structure data.
With respect to the data for the (S)-alcohol 58, it seemed obvious that the XS-
3trans minimum (Figure 65) experiences a fewer 1,3-diaxial interactions than XS-lcis
and XS-21rans (Figure 64), but lacks the potential hydrogen-bonding interactions seen
in the aforementioned structures. Although XS-3trans was 30 degrees fi'om an eclipsed
conformation, the NMR data from C-lactose demonstrated that the syn-exo-(I), syn-1|)
family constituted 65% ofthe solution population for the (S)-interglycosidic alcohol. If
the solution structure for similarly substituted disaccharides of hyaluronic acid followed
this trend, then this conformation would resemble the solution conformation ofthe C-
disaccharide of hyaluronic acid.
The crystal structure conformation (syn-exo-(I), anti-1|)) was also found in NMR
data on the unprotected C-disaccharide (Chapter 3). Analysis of “JH-1I_H-7S and 3JH-1'_H-
7R for the unsubstituted HA C-disaccharide revealed that the syn-exo-(I) conformation
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was populated to a large extent in solution. In addition, the presence ofNOEs between
H-1’ and H-3, and H-1’ and H-5, in concert with the coupling constant evidence,
supported the hypothesis that the syn-exo-(I), anti-1|) conformer is present in solution,
albeit to a small extent.
IV. Conclusions and Future Work.
The crystal structure of 56 revealed a glycosidic conformation that was similar
to many C-disaccharides in the solid state, as well as in solution; and the conformation
ofthe aglyconic bond highlighted the increased flexibility of C-disaccharides.
Molecular modeling results as well as NMR data on similar molecules suggested that
stereospecific modification ofthe glycosidic carbon atom may be a usefirl strategy in
modulating the glycosidic conformation of C-disaccharides by steric and electronic
effects. The (R)-interglycosidic alcohol 57 may prove usefirl in providing a C-linked
building block with an alternative conformational preference from the unsubstituted C-
disaccharide. However, the current modeling approach may have to be modified to
increase its predictive value.
Future work in this area should focus on NMR solution structures for the oxy-
functionalized C-disaccharides. Past experimentation in this area suggests that if a
protected molecule is used in NMR studies, the solvent and choice of protecting groups
will influence the success of the endeavor. Whether protected or unprotected molecules
are used for this work, the same information will be sought in each case—coupling
constants and NOEs. The modeling study could also be improved. One could use a
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more complete molecule, in conjunction with techniques such as quenched molecular
dynamics or simulated annealing, to deal with the additional degrees of fieedom. An
explicit solvent could be included for solution phase modeling studies.
V. Experimental: Chapters 3 and 4.
A. Materials And Methods.
The HA disaccharides were prepared in the Baker laboratory. Bin Jiang
prepared the O-disaccharide 46 using an improved method based on the procedure of
Carter et al.29 Sean Hamilton prepared the C- and S-disaccharides (47 and 48,
respectively.)30 Qiang Yang prepared and crystallized the C-disaccharide in the solid
state 56. D20 was purchased from Aldrich Chemical Co. (St. Louis, MO).
B. 1H NIVIR Data Acquisition.
1. General.
NMR spectra were acquired on a Varian Inova 600 MHz spectrometer equipped
with a triple nucleus Z-gradient probe. Samples run in D20 were lyophilized from D20
three times prior to final preparation, and 30 |J.L of a 5 x 10‘5 M solution ofNaOD was
added to ensure the carboxylic acid was not protonated. These samples were degassed
by bubbling argon through the solution for 30—40 min. Samples were referenced to the
residual HOD peak according to the method of Gottlieb et al.31 The 0- and S-
disaccharides were analyzed at 25 °C, and the C-disaccharide was analyzed at 25 °C and
35 °C (elevated temperature was employed to separate the H-7 resonances).
2. 2D NIVIR studies.
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NMR spectra run in D20 generally employed one oftwo transmitter offset
values—2.5 ppm or 6.0 ppm, with the minimum spectral width necessary under those
conditions. A 2.5-s relaxation delay was used for all 2D experiments. The spectra were
processed using Varian VNMR 6.1C software package. The QuietNOE32 experiment
was provided by Igor Goljer, Varian Associates (Palo Alto, CA), and was run with a g3
pulse to invert the region of interest.
2D NIVIR spectra were processed using a linear prediction and the default Varian
processing parameters. Peak picking was performed manually using the Peak module
within the Varian 6.1C software package. The CORMA33'3“ analysis was performed
using the TRIAD module within Sybyl 6.8. The isotropic model was used with a
correlation time of 0. 13 ns.36 Prior to analysis with TRIAD, 2D spectra were apodized
with a sinebell-shifted window function in both dimensions and the second dimension
was zero-filled to 2K data points. The data was converted from complex to real in both
dimensions prior to simulation. The simulated peak intensities were proportional to the
experimental peak intensities. The relative amounts of conformers were adjusted until
the simulated relative intensities of several inter- and intraring NOEs matched the
experimental data.
C. Molecular Modeling: Chapter 3.
All molecular modeling was done on Silicon Graphics 02 workstations running
Sybyl 6.8 or on Silicon Graphics Indigo workstations running InsightII. Models ofthe
HA disaccharides were constructed using the Sketch feature of Sybyl or the Builder
module in Insight with carbohydrate templates. The amide group was oriented with the
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amide proton trans to H-2', as this was the principal conformer detected in NMR studies
ofHA.7 Eight variants of each disaccharide were constructed based on the orientation
of pendant hydroxyl groups and the orientation ofthe hydroxymethyl group. The
hydroxymethyl group was oriented in the GG and GT orientations, and the pendant
hydroxyl groups were arranged to form a concentric ring of hydrogen bonds proceeding
clockwise or counterclockwise around the sugar ring, where c denotes clockwise and r,
counterclockwise. Thus, the eight conformers were designated as GGcc, GGcr, GGrc,
GGrr, Gch, GTcr, GTrc, GTrr.
The grid searches were carried out using the Dihedral Driver in MM3(2000) or
the Discover 3 module of InsightII (when CVFF was used). Potential energy surfaces
were constructed from grid searches of (I) and 1|) in 15° increments from —180° to 180°
performed on all eight structures. The resulting structures were energy minimized with
MM3(2000) or CVFF, and the lowest energy conformer at each grid point was used to
construct potential energy surfaces. The conformers were sorted using a spreadsheet,
and the potential energy surfaces were visualized using Sigma Plot (SPSS, Inc.) The
Boltzmann probabilities for each grid point were calculated using the method ofMiertus
et al.37 The probabilities derived from the surfaces were used to determine coupling
constants (using the Karplus—Altona equation”) and internuclear distances. The low-
energy structures from CVFF-generated models were subjected to molecular dynamics
simulations for 3 ns.
D. Molecular Modeling: Chapter 4.
Simplified models ofthe HA C-disaccharide 56 from the crystal structure were
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generated using the Sketch module within Sybyl. The molecules used for simulations
retained the 4,6-0-benzylidene acetal on the GlcNAc residue, but the pendant hydroxyl
groups and the anomeric hydroxyl groups were capped as O-methyl ethers to prevent
hydrogen-bonding interactions that would not be present in the crystalline environment.
A dielectric constant of 3.5 was used to mimic the crystalline environment. The
orientations ofthe pendant methoxy groups were treated in the same manner as the
studies in D20. Thus grid search maps were conducted with eight starting structures.
The grid searches were carried out using the Dihedral Driver in MM3(2000).
The (I)-1|) space was searched in thirty-degree increments, and the resulting maps were
sorted to the lowest energy structure at each (I), 1|) point. The Boltzmann probabilities
were calculated using the method ofMiertus, et al.37 Data analyses were performed in
an analogous manner to that described for the studies in D20.
E. Crystal Structure.
The crystal structure ofp-methoxyphenyl C—(2-acetamido-4,6-benzylidene-3-0—
tert-butyldimethylsilyl-2-deoxy-B-D-glucopyranosyl)-( 1 —>4a)-(4aR)-2,3-di-0-benzyl-
4a-hydroxy-6-0-p-methoxybenzyl-4a-carba—B-D-glucopyranoside (56) was solved by
single-crystal X-ray analysis performed by Tianniu Chen. Further information will be
provided in the dissertation of Qiang Yang. The Cremer—Pople23 analysis was
performed with Platon.39 The sugar rings were redefined according to the Platon






References for Chapter 1.
(1) Goto, T.; Kondo, T. Structure and Molecular Stacking of Anthocyanins—
Flower Color Variation. Angew. Chem. Int. Ed. Engl. 1991, 30, 17-33.
(2) Bridle, P.; Timberlake, C. F. Anthocyanins as natural food colours—Selected
aspects. Food Chem. 1997, 58, 103-109.
(3) Tedesco, 1.; Russo, G. L.; Nazzaro, F.; Russo, M.; Palumbo, R.
Antioxidant effect of red wine anthocyanins in normal and catalase-inactive human
erythrocytes. J. Nutr. Biochem. 2001, 12, 505-511.
(4) Ramirez-Tortosa, 0; Andersen, O. M.; Gardner, P. T.; Morrice, P. C.;
Wood, S. G.; Duthie, S. J.; Collins, A. R.; Duthie, G. G. Anthocyanin-rich extract
decreases indices of lipid peroxidation and DNA damage in vitamin E-depleted rats.
Free Radic. Biol. Med. 2001, 31, 1033-1037.
(5) Honda, T.; Saito, N. Recent Progress in the Chemistry ofPolyacylated
Anthocyanins as Flower Color Pigments. Heterocycles 2002, 56, 633-692.
(6) Dangles, 0.; Saito, N.; Brouillard, R. Anthocyanin Intramolecular
Copigment Effect. Phytochemistry 1993, 34, 119-124.
(7) Mazza, G.; Brouillard, R. The Mechanism of Copigmentation of
Anthocyanins in Aqueous- Solutions. Phytochemistry 1990, 29, 1097-1102.
(8) Brouillard, R.; Dubois, J. E. Mechanism of Structural Transformations of
Anthocyanins in Acidic Media. J. Am. Chem. Soc. 1977, 99, 1359-1364.
345
(9) Robinson, G. M.; Robinson, R. CLX)O(II. A survey of anthocyanins. 1.
Biochem. J. 1931, 25, 1687-1705.
(10) Mazza, G.; Brouillard, R. The mechanism of copigmentation of
anthocyanins in aqueous solutions. Phytochemistry 1990, 29, 1097-1102.
(11) Yoshida, K.; Kondo, T.; Goto, T. Intramolecular Stacking Conformation
of Gentiodelphin, a Diacylated Anthocyanin from Gentiana Makinoi. Tetrahedron
1992, 48, 4313—4326.
(12) Yoshida, K.; Kondo, T.; Goto, T. Unusually Stable Monoacylated
Anthocyanin fiom Purple Yam Dioscorea alata. Tetrahedron Lett. 1991, 32, 5579-
5580.
(13) Redus, M.; Baker, D. C.; Dougall, D. K. Rate and Equilibrium Constants
for the Dehydration and Deprotonation Reactions of Some Monoacylated and
Glycosylated Cyanidin Derivatives. J. Agric. Food Chem. 1999, 47, 3449-3454.
(14) Hunter, C. A.; Lu, X.-J. DNA base-stacking interactions: a comparison
oftheoretical calculations with oligonucleotide X-ray crystal structures. J. Mol. Biol.
1997, 265, 603-619.
(15) Sponer, J.; Gabb, H. A.; Leszczynski, J.; Hobza, P. Base—base and
deoxyribose—base stacking interactions in B-DNA and Z-DNA: a quantum-chemical
study. Biophys. J. 1997, 73, 76-87.
(16) Hunter, C. A. Interactions between aromatic systems: do they depend on
electrostatic forces or charge-transfer transitions? Angew. Chem, Int. Ed. Engl, 1993,
32, 1584-1656.
346
(17) Cozzi, F.; Siegel, J. S. Interaction between Stacked Aryl Groups in 1,8-
Diarylnaphthalenes - Dominance of Polar/Pi over Charge-Transfer Effects. Pure Appl.
Chem. 1995, 67, 683-689.
(18) Hunter, C. A.; Sanders, J. K. M. The Nature ofPi—Pi Interactions. J. Am.
Chem. Soc. 1990, 112, 5525-5534.
(19) Rosokha, S. V.; Kochi, J. K. Strong electronic coupling in intermolecular
(charge-transfer) complexes. Mechanistic relevance to thermal and optical electron
transfer from aromatic donors. New Journal ofChemistry 2002, 26, 851-860.
(20) Markovitsi, D.; Bengs, H.; Ringsdorf, H. Charge-transfer absorption in
doped columnar liquid crystals. Journal ofthe Chemical Society, Faraday Transactions
1992, 88, 1275-1279.
(21) Markovitsi, D.; Pfeffer, N.; Charra, F.; Nunzi, J. M.; Bengs, H.;
Ringsdorf, H. Charge-transfer complexes of discogenic molecules: a time-resolved
study based on Kerr ellipsometry. Journal ofthe Chemical Society, Faraday
Transactions 1993, 89, 37-42.
(22) Heaton, N. J.; Bello, P.; Herradon, B.; del Campo, A.; Jimenez-Barbero,
J. NMR study of intramolecular interactions between aromatic groups: Van der Waals,
charge-transfer, or quadrupolar interactions? J. Am. Chem. Soc. 1998, 120, 9632-9645.
(23) Heard, G. L.; Boyd, R. J. Calculation of quadrupole moments of
polycyclic aromatic hydrocarbons: Applications to chromatography. J. Phys. Chem. A
1997, 101, 5374-5377.
347
(24) Newcomb, L. F.; Gellman, S. H. Aromatic Stacking Interactions in
Aqueous Solution: Evidence That neither Classical Hydrophobic Effects nor Dispersion
Forces Are Important. J. Am. Chem. Soc. 1994, 116, 4993-4994.
(25) Williams, V. E.; Lemieux, R. P.; Thatcher, G. R. J. Substituent effects on
the stability of arene—arene complexes: An AMI study ofthe conformational equilibria
of cis-1,3- diphenylcyclohexanes. J. Org. Chem. 1996, 61, 1927-1933.
(26) Gutmann, F. Charge Transfer Complexes in Biological Systems; Marcel
Dekker: New York, 1997; 543 pp.
(27) For a discussion of charge transfer interactions in anthocyanins, see Pina,
F. Caffeine interaction with synthetic flavylium salts. A flash photolysis study for the
adduct involving 4',7-dihydroxyflavylium. J. Photochem. Photobiol. A: Chem. 1998,
11 7, 51-59.
(28) Brouillard, R.; Mazza, G.; Saad, Z.; Albrecht-Gary, A. M.; Cheminat, A.
The co-pigmentation reaction of anthocyanins: a microprobe for the structural study of
aqueous solutions. J. Am. Chem. Soc. 1989, 111, 2604-2610.
(29) Kondo, T.; Kawai, T.; Tamura, H.; Goto, T. Heavenly blue anthocyanin.
IV. Structure determination of heavenly blue anthocyanin, a complex monomeric
anthocyanin from the morning glory Ipomoea tricolor, by means of the negative NOE
method. Tetrahedron Lett. 1987, 28, 2273-2276.
(30) Idaka, E.; Ohashi, Y.; Ogawa, T.; Kondo, T.; Goto, T. Structure of
zebrinin, a novel acylated anthocyanin isolated from Zebrinapendula. Tetrahedron
Lett. 1987, 28, 1901-1904.
348
(31) Yoshida, K.; Kondo, T.; Karneda, K.; Kawakishi, S.; Lubag, A. J. M.;
Mendoza, E. M. T.; Goto, T. Structures of Alatanin A, B and C Isolated from Edible
Purple Yarn Dioscorea alata. Tetrahedron Lett. 1991, 32, 5575-5578.
(32) Lim, D.; Burgess, K. Spirocyclic Peptidomimetics Featuring 2,3-
Methanoamino Acids. J. Am. Chem. Soc. 1997, 119, 9632-9640.
(33) Al-Obeidi, F.; O'Connor, S. D.; Job, 0; Hruby, V. J.; Pettitt, B. M. NIVIR
and quenched molecular dynamics studies of superpotent linear and cyclic or-
melanotropins. J. Peptide Res. 1998, 51, 420-431.
(34) Miertus, S.; Bella, J.; Toffanin, R.; Matulova, M.; Paoletti, S.
Conformational analysis on segments of charged polysaccharides. The case of
hyaluronic acid dimer and chondrosine. Theochem-J. Mol. Struct. 1997, 395, 437-449.
(35) Whittemore, N. A. I. Conformational studies of monoacylated
anthocyanins: factors that affect their color stability. 11. Design and synthesis of
electroactive oligodeoxynucleotides. Probes for nucleic acid hybridization. Dissertation,
The University of Tennessee, Knoxville, 1999.
(36) Whittemore, N. A.; Welch, K. T. Unpublished results.
(37) Martensson, 0.; Warren, C. H. Flavylium compounds. 5. Charge
distribution in pyrylium compounds. Acta Chem. Scand 1970, 24, 2745-2750.
(3 8) Hagler, A. T.; Lifson, S.; Dauber, P. Consistent Force-Field Studies of
Inter-Molecular Forces in Hydrogen-Bonded Crystals .2. Benchmark for the Objective
Comparison of Alternative Force-Fields. J. Am. Chem. Soc. 1979, 101, 5122-5130.
349
(39) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. The
Development and Use of Quantum-Mechanical Molecular-Models .76. AMI—a New
General-Purpose Quantum-Mechanical Molecular-Model. J. Am. Chem. Soc. 1985, 107,
3902-3909.
(40) Purcell, W. P.; Singer, J. A. A brief review and table of semiempirical
parameters used in the Hueckel molecular orbital method. J. Chem. Eng. Data 1967, 12,
235-246.
(41) Tripos Bookshelf; 6.8 ed.; Tripos, 2002.
(42) Gasteiger, J.; Marsili, M. Iterative partial equalization of orbital
electronegativity: a rapid access to atomic charges. Tetrahedron 1980, 36, 3219-3222.
(43) Marsili, M.; Gasteiger, J. rt-Charge distribution from molecular topology
and rt-orbital electronegativity. Croat. Chem. Acta 1981, 53, 601-614.
(44) Stewart, J. J. P. Optimization of parameters for semiempirical methods.
1. Method. J. Comput. Chem. 1989, 10, 209-220.
(45) Dewar, M. J. S.; Thiel, W. Ground states of molecules. 38. The MNDO
method. Approximations and parameters. J. Am. Chem. Soc. 1977, 99, 4899-4907.
(46) Stenutz, R.; Carmichael, 1.; Widmalm, G.; Serianni, A. S.
Hydroxymethyl group conformation in saccharides: Structural dependencies of “Jun,
3Jun, and 1Jen spin—spin coupling constants. J. Org. Chem. 2002, 67, 949-958.
(47) Dougall, D. K.; Baker, D. C.; Gakh, E. G.; Redus, M. A.; Whittemore,
N. A. Studies on the stability and conformation of monoacylated anthocyanins part 2—
350
Anthocyanins from wild carrot suspension cultures acylated with supplied carboxylic
acids. Carbohydr. Res. 1998, 310, 177-189.
(48) Gakh, E. G.; Dougall, D. K.; Baker, D. C. Proton Nuclear Magnetic
Resonance Studies ofMonoacylated Anthocyanins from the Wild Carrot: Part1. Inter-
and Intra-Molecular Interactions in Solution. Phytochem. Anal. 1998, 9, 28-34.
(49) Cumming, D. A.; Carver, J. P. Virtual and solution conformations of
oligosaccharides. Biochemistry 1987, 26, 6664-6676.
(50) Nishida, Y.; Ohrui, H.; Meguro, H. 1H NMR Studies of (6R)-Deuterated
and (6S)-Deuterated D-Hexoses—Assignment ofthe Preferred Rotamers About C5—C6
Bond ofD-Glucose and D-Galactose Derivatives in Solutions. Tetrahedron Lett. 1984,
25, 1575-1578.
(51) Bock, K.; Duus, J. 0. A Conformational Study ofHydroxymethyl
Groups in Carbohydrates Investigated by 1H NMR Spectroscopy. J. Carbohydr. Chem.
1994, 13, 513-543.
(52) George, F.; Figueiredo, P.; Toki, K.; Tatsuzawa, F.; Saito, N.; Brouillard,
R. Influence of trans-cis isomerisation of coumaric acid substituents on colour variance
and stabilisation in anthocyanins. Phytochemistry 2001, 5 7, 791-795.
(53) Dangles, 0.; Saito, N.; Brouillard, R. Kinetic and Thermodynamic
Control ofFlavylium Hydration in the Pelargonidin Cinnamic Acid Complexation—




References for Chapter 2.
(1) Baker, D. C.; Dougall, D. K.; Glassgen, W. E.; Johnson, S. C.; Metzger,
J. W.; Rose, A.; Seitz, H. U. Effects of supplied cinnamic acids and biosynthetic
intermediates on the anthocyanins accumulated by wild carrot suspension cultures.
Plant Cell Tiss. Org. Cult. 1994, 39, 79-91.
(2) Redus, M.; Baker, D. C.; Dougall, D. K. Rate and Equilibrium Constants
for the Dehydration and Deprotonation Reactions of Some Monoacylated and
Glycosylated Cyanidin Derivatives. J. Agric. Food Chem. 1999, 47, 3449-3454.
(3) Whittemore, N. A. I. Conformational studies ofmonoacylated
anthocyanins: factors that affect their color stability. 11. Design and synthesis of
electroactive oligodeoxynucleotides. Probes for nucleic acid hybridization. Dissertation,
The University of Tennessee, Knoxville, 1999.
(4) Terahara, N.; Callebaut, A.; Ohba, R.; Nagata, T.; Ohnishi-Kameyama,
M.; Suzuki, M. Triacylated anthocyanins from Ajuga reptans flowers and cell cultures.
Phytochemistry 1996, 42, 199-203.
(5) Van Calsteren, M.-R.; Cormier, F.; Do, C. B.; Laing, R. R. 1H and 13C
NMR assignments of the major anthocyanins fiom Vitis vinifera cell suspension culture.
Spectroscopy 1991, 9, 1-15.
(6) Dougall, D. K.; Baker, D. C.; Gakh, E. G.; Redus, M. A.; Whittemore,
N. A. Studies on the stability and conformation ofmonoacylated anthocyanins Part 2 —
Anthocyanins from wild carrot suspension cultures acylated with supplied carboxylic
acids. Carbohydr. Res. 1998, 310, 177-189.
(7) Bock, K.; Duus, J. 0. A Conformational Study ofHydroxymethyl
Groups in Carbohydrates Investigated by 1H NMR Spectroscopy. J. Carbohydr. Chem.
1994, 13, 513-543.
353
(8) Marchessault, R. H.; Perez, S. Conformations ofthe Hydroxymethyl
Group in Crystalline Aldohexopyranoses. Biopolymers 1979, 18, 2369-23 74.
(9) Gakh, E. G.; Dougall, D. K.; Baker, D. C. Proton Nuclear Magnetic
Resonance Studies ofMonoacylated Anthocyanins from the Wild Carrot: Part1. Inter-
and Intra-Molecular Interactions in Solution. Phytochem. Anal. 1998, 9, 28-34.
(10) Gottlieb, H. E.; Kotlyar, V.; Nudelman, A. NIVIR chemical shifts of
common laboratory solvents as trace impurities. J. Org. Chem. 1997, 62, 7512-7515.
(11) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. The
Development and Use of Quantum-Mechanical Molecular-Models .76. AM1— a New
General-Purpose Quantum-Mechanical Molecular-Model. J. Am. Chem. Soc. 1985, 107,
3902-3909.
(12) Stenutz, R.; Carmichael, 1.; Widmalm, G.; Serianni, A. S.
Hydroxymethyl group conformation in saccharides: Structural dependencies of 2Jun,
3Jan, and “Jen spin—spin coupling constants. J. Org. Chem. 2002, 67, 949-958.
(13) Nishida, Y.; Ohrui, H.; Meguro, H. “H NMR Studies of (6R)-Deuterated
and (6S)-Deuterated D-Hexoses - Assignment of the Preferred Rotamers About C5—C6
Bond ofD-Glucose and D-Galactose Derivatives in Solutions. Tetrahedron Lett. 1984,
25, 1575-1578.
354
References for Chapter 3.
(1) Vogel, P. Monosaccharide and disaccharide mimics: new molecular tools
for biology and medicine. Chimia 2001, 55, 359-365.
(2) Poveda, A.; Asensio, J. L.; Polat, T.; Bazin, H.; Linhardt, R. J.; Jiménez-
Barbero, J. Conformational behavior of C-glycosyl analogues of sialyl-a-(2 —+3)-
galactose. Eur. J. Org. Chem. 2000, 1805-1813.
(3) Mehta, S.; Andrews, J. S.; Johnston, B. D.; Svensson, B.; Pinto, B. M.
Synthesis and Enzyme-Inhibitory Activity ofNovel Glycosidase Inhibitors Containing
Sulfirr and Selenium. J. Am. Chem. Soc. 1995, 117, 9783-9790.
(4) Tvaroska, I.; Carver, J. P. Ab initio molecular orbital calculation of
carbohydrate model compounds .5. Anomeric, exo-anomeric, and reverse anomeric
effects in C-, N-, and S-glycosyl compounds. J. Phys. Chem. 1996, 100, 11305-11313.
(5) Lemieux, R. U.; Koto, S.; Voisin, D. The exo-anomeric effect. ACS
Symp. Ser. 1979, 87, 17-29.
(6) Lemieux, R. U.; Koto, S. Conformational Properties of Glycosidic
Linkages. Tetrahedron 1974, 30, 1933-1944.
(7) Deslongchamps, P. Organic Chemistry Series, Vol. 1: Stereoelectronic
Effects in Organic Chemistry, 1983; pp 390.
(8) Houk, K. N.; Eksterowicz, J. E.; Wu, Y. D.; Fuglesang, C. D.; Mitchell,
D. B. Conformational Preferences ofthe O—C—C—C Unit in Acyclic and Cyclic
Systems—the Exo-Deoxoanomeric Effect and Related Phenomena. J. Am. Chem. Soc.
1993, 115, 4170-4177.
355
(9) Montero, E.; Garcia-Herrero, A.; Asensio, J. L.; Hirai, K.; Ogawa, S.;
Santoyo-Gonzalez, F.; Canada, F. J.; Jiménez-Barbero, J. The conformational behaviour
of non-hydrolizable lactose analogues: The thioglycoside, carbaglycoside, and carba-
iminoglycoside cases. Eur. J. Org. Chem. 2000, 1945-1952.
(10) Book, K.; Duus, J. 0.; Refit, S. Conformational Equilibria of 4-
Thiomaltose and Nitrogen Analogs ofMaltose in Aqueous-Solutions. Carbohydr. Res.
1994, 253, 51-67.
(11) Weimar, T.; Kreis, U. C.; Andrews, J. S.; Pinto, B. M. Conformational
analysis of maltoside heteroanalogues using high-quality NOE data and molecular
mechanics calculations. Flexibility as a function ofthe interglycosidic chalcogen atom.
Carbohydr. Res. 1999, 315, 222-233.
(12) Aguilera, B.; Jiménez-Barbero, J.; Femandez-Mayoralas, A.
Conformational differences between Fuc-a-(1—+3)-GlcNAc and its thioglycoside
analogue. Carbohydr. Res. 1998, 308, 19-27.
(13) Jiménez-Barbero, J.; Espinosa, J. F.; Asensio, J. L.; Canada, F. J.;
Poveda, A. The conformation of C-glycosyl compounds. Adv. Carbohydr. Chem.
Biochem. 2001, 56, 235-284.
(14) Wei, A.; Haudrechy, A.; Audin, G; Jun, H. S.; Haudrechybretel, N.;
Kishi, Y. Preferred Conformation of C-Glycosides .14. Synthesis and Conforrnational-
Analysis of Carbon Analogs ofthe Blood-Group Determinant H-Type-II. J. Org. Chem.
1995, 60, 2160-2169.
(15) Wei, A.; Kishi, Y. Preferred Conformation of C-Glycosides .12.
Synthesis and Conformational-Analysis of 01,06, a,B-, and I3,I3-C-Trehaloses. J. Org.
Chem. 1994, 59, 88-96.
356
(16) Oleary, D. J.; Kishi, Y. Preferred Conformation of C-Glycosides .11. C-
Sucrose—New Practical Synthesis, Structural Reassignment, and Solid-State and
Solution Conformation of Its Octaacetate. J. Org. Chem. 1993, 58, 304-306.
(17) Babirad, S. A.; Wang, Y.; Goekjian, P. G.; Kishi, Y. Preferred
Conformation of C—Glycosides .3. Preferred Conformation of Carbon Analogs of
(1—>4)-Disaccharides. J. Org. Chem. 1987, 52, 4825-4827.
(18) Espinosa, J. F.; Martin-Pastor, M.; Asensio, J. L.; Dietrich, H.; Martin-
Lomas, M.; Schmidt, R. R.; Jiménez-Barbero, J. Experimental and Theoretical
Evidences of Conformational Flexibility of C-Glycosides - NIVIR Analysis and
Molecular Mechanics Calculations of C-Lactose and Its O-Analog. Tetrahedron Lett.
1995, 36, 6329-6332.
(19) Espinosa, J. F.; Canada, F. J.; Asensio, J. L.; Martin-Pastor, M.; Dietrich,
H.; Martin-Lomas, M.; Schmidt, R. R.; Jiménez-Barbero, J. Experimental evidence of
conformational differences between C- glycosides and O-glycosides in solution and in
the protein-bound state: The C-lactose/O-lactose case. J. Am. Chem. Soc. 1996, 118,
10862-10871.
(20) Espinosa, J. F.; Dietrich, H. J.; Martin-Lomas, M.; Schmidt, R. R.;
Jiménez-Barbero, J. Conformational flexibility of C-glycosides: Experimental evidence
ofthe existence of a Gauche—Gauche conformation around the glycosidic linkage for a
lactose analogue. Tetrahedron Lett. 1996, 37, 1467-1470.
(21) Borgias, B. A.; James, T. L. MARDIGRAS: a procedure for matrix
analysis of relaxation for discerning geometry of an aqueous structure. J. Magn. Reson.
1990, 87, 475-487.
357
(22) Borgias, B. A.; James, T. L. Two-dimensional nuclear Overhauser effect:
complete relaxation matrix analysis. Methods Enzymol. 1989, 176, 169-183.
(23) Keepers, J. W.; James, T. L. A theoretical study of distance
determinations from NIVIR. Two-dimensional nuclear Overhauser effect spectra. J.
Magn. Reson. 1984, 57, 404-426.
(24) Rubinstenn, G.; Sinay, P.; Berthault, P. Evidence of conformational
heterogeneity for carbohydrate mimetics. NMR study of methyl I3-C-lactoside in
aqueous solution. J. Phys. Chem. A 1997, 101, 2536-2540.
(25) Lapcik, L.; De Smedt, S.; Demeester, J.; Chabrecek, P. Hyaluronan:
Preparation, structure, properties, and applications. Chem. Rev. 1998, 98, 2663-2684.
(26) Day, A. J.; Sheehan, J. K. Hyaluronan: polysaccharide chaos to protein
organisation. Curr. Opin. Struct. Biol. 2001, 11, 617-622.
(27) Knudson, W. Hyaluronan in Malignancies. In The Chemistry, Biology
andMedical Applications ofHyaluronan and its Derivatives; Laurent, T. 0, Ed.;
Wenner-Gren International Series 72; Portland Press: London, 1998; pp. 169-179.
(28) Sy, M. S.; Liu, D.; Schiavone, R.; Ma, J.; Mori, H.; Guo, Y. Interactions
between CD44 and hyaluronic acid: Their role in tumor growth and metastasis. In
Attempts to UnderstandMetastasis Formation III; Giinthert, U.; Birchmeier, W., Eds.;
Current Topics in Microbiology and Immunology 213; Springer-Verlag: New York,
1996; 129-153.
(29) Cysyk, R. L.; Chisena, C. A. Unpublished results.
358
(30) Roden, L.; Campbell, P.; Fraser, J. R. E.; Laurent, T. C.; Pertoft, H.;
Thompson, J. N. Enzymic pathways ofhyaluronan catabolism. Ciba Found. Symp.
1989, 143, 60-86.
(31) McGuire, P. G.; Castellot, J. J., Jr.; Orkin, R. W. Size-dependent
hyaluronate degradation by cultured cells. J. Cell. Physiol. 1987, 133, 267-276.
(32) Truppe, W.; Basner, R.; Von Figura, K.; Kresse, H. Uptake of
hyaluronate by cultured cells. Biochem. Biophys. Res. Commun. 1977, 78, 713-719.
(33) Price, K. N. Synthetic and structural studies on carbohydrate-derived
cardioprotective and anticancer agents. Dissertation, University of Tennessee,
Knoxville, 1997.
(34) Wik, H. B.; Wik, O. Rheology ofHyaluronan. In The Chemistry, Biology
andMedical Applications ofHyaluronan and its Derivatives; Laurent, T. 0, Ed.;
Wenner-Gren International Series 72; Portland Press: London, 1998; pp. 25-32.
(35) Scott, J. E.; Tigwell, M. J. Periodate oxidation and the shapes of
glycosaminoglycuronans in solution. Biochem. J. 1978, 173, 103-114.
(3 6) Kaufmann, J.; Mohle, K.; Hofrnann, H.-J.; Arnold, K. Molecular
dynamics study of hyaluronic acid in water. Theochem-J. Mol. Struct. 1998, 422, 109-
121.
(37) Mitra, A. K.; Arnott, S.; Sheehan, J. K. Hyaluronic Acid—Molecular
Conformation and Interactions in the Tetragonal Form ofthe Potassium-Salt Containing
Extended Chains. J. Mol. Biol. 1983, 169, 813-827.
359
(38) Mitra, A. K.; Raghunathan, S.; Sheehan, J. K.; Arnott, S. Hyaluronic
Acid —Molecular Conformations and Interactions in the Orthorhombic and Tetragonal
Forms Containing Sinuous Chains. J. Mol. Biol. 1983, 169, 829-859.
(39) Winter, W. T.; Arnott, S. Hyaluronic Acid—Role ofDivalent Cations in
Conformation and Packing. J. Mol. Biol. 1977, 117, 761-784.
(40) Winter, W. T.; Smith, P. J. C.; Arnott, S. Hyaluronic Acid—Structure of
a Fully Extended 3-Fold Helical Sodium Salt and Comparison with Less Extended 4-
Fold Helical Forms. J. Mol. Biol. 1975, 99, 219-&.
(41) Guss, J. M.; Hukins, D. W. L.; Smith, P. J. 0; Winter, W. T.; Arnott, S.;
Moorhouse, R.; Rees, D. A. Hyaluronic Acid—Molecular Conformations and
Interactions in 2 Sodium Salts. J. Mol. Biol. 1975, 95, 359-3 84.
(42) Morris, E. R.; Rees, D. A.; Welsh, E. J. Conformation and dynamic
interactions in hyaluronate solutions. J. Mol. Biol. 1980, 138, 383-400.
(43) Mathews, M. B.; Decker, L. Conformation of hyaluronate in neutral and
alkaline solutions. Biochim. Biophys. Acta 1977, 498, 259-263.
(44) Heatley, F.; Scott, J. E. A water molecule participates in the secondary
structure of hyaluronan. Biochem. J. 1988, 254, 489-493.
(45) Oberholtzer, J. C.; Englander, S. W.; Horwitz, A. F. Hydrogen-bonded
conformation of hyaluronate oligosaccharide fragments in aqueous solution. FEBS Lett.
1983, 158, 305-309.
360
(46) Cowman, M. K.; Hittner, D. M.; FederDavis, J. ““C NMR studies of
hyaluronan: Conformational sensitivity to varied environment. Macromolecules 1996,
29, 2894-2902.
(47) Cowman, M. K.; Peder-Davis, J.; Hittner, D. M. 13C NMR studies of
hyaluronan. 2. Dependence of conformational dynamics on chain length and solvent.
Macromolecules 2001, 34, 110-115.
(48) Donati, A.; Magnani, A.; Bonechi, C.; Barbucci, R.; Rossi, C. Solution
structure of hyaluronic acid oligomers by experimental and theoretical NMR, and
molecular dynamics simulation. Biopolymers 2001, 59, 434-445.
(49) Holmbeck, S. M. A.; Petillo, P. A.; Lerner, L. E. The solution
conformation ofhyaluronan—a combined NMR and molecular-dynamics study.
Biochemistry 1994, 33, 14246-14255.
(50) Moulabbi, M.; Broch, H.; Robert, L.; Vasilescu, D. Quantum molecular
modeling of hyaluronan. Theochem-J. Mol. Struct. 1997, 395, 477-508.
(51) Miertus, S.; Bella, J.; Toffanin, R.; Matulova, M.; Paoletti, S.
Conformational analysis on segments of charged polysaccharides. The case of
hyaluronic acid dimer and chondrosine. Theochem-J. Mol. Struct. 1997, 395, 437-449.
(52) Livant, P.; Roden, L.; Krishna, N. R. NMR studies of a tetrasacchride
from hyaluronic acid. Carbohydr. Res. 1992, 23 7, 271-281.
(53) Almond, A.; Brass, A.; Sheehan, J. K. Oligosaccharides as model
systems for understanding water- biopolymer interaction: Hydrated dynamics of a
hyaluronan decamer. J. Phys. Chem. B 2000, 104, 5634-5640.
361
(54) Almond, A.; Brass, A.; Sheehan, J. K. Dynamic exchange between
stabilized conformations predicted for hyaluronan tetrasaccharides: comparison of
molecular dynamics simulations with available NMR data. Glycobiology 1998, 8, 973-
980.
(55) Almond, A.; Brass, A.; Sheehan, J. K. Deducing polymeric structure
fiom aqueous molecular dynamics simulations of oligosaccharides: Predictions from
simulations of hyaluronan tetrasaccharides compared with hydrodynamic and X-ray
fibre diffraction data. J. Mol. Biol. 1998, 284, 1425-1437.
(56) Almond, A.; Sheehan, J. K.; Brass, A. Molecular dynamics simulations
ofthe two disaccharides of hyaluronan in aqueous solution. Glycobiology 1997, 7, 597-
604.
(57) Allinger, N. L.; Yuh, Y. H.; Lii, J. H. Molecular mechanics. The MMB
force field for hydrocarbons. 1. J. Am. Chem. Soc. 1989, 111, 8551-8566.
(58) Hagler, A. T.; Lifson, S.; Dauber, P. Consistent Force-Field Studies of
Inter-Molecular Forces in Hydrogen-Bonded Crystals .2. Benchmark for the Objective
Comparison of Alternative Force-Fields. J. Am. Chem. Soc. 1979, 101, 5122-5130.
(59) Martin-Pastor, M.; Espinosa, J. F.; Asensio, J. L.; Jiménez-Barbero, J. A
comparison ofthe geometry and ofthe energy results obtained by application of
different molecular mechanics force fields to methyl a-lactoside and the C-analogue of
lactose. Carbohydr. Res. 1997, 298, 15-49.
(60) Haasnoot, C. A. G.; Deleeuw, F.; Altona, C. The Relationship between
Proton—Proton NMR Coupling-Constants and Substituent Electronegativities .1. An
Empirical Generalization ofthe Karplus Equation. Tetrahedron 1980, 36, 2783-2792.
362
(61) Beger, R. D.; Arthanari, H. B.; Basu, S.; Bolton, P. H. Interresidue quiet
NOEs for DNA structural studies. J. Magn. Reson. 1998, 132, 34-40.
(62) Dowd, M. K.; Reilly, P. J.; French, A. D. Relaxed-Residue
Conformational Mapping ofthe 3-Linkage Bonds of Isomaltose and Gentiobiose with
1\/IM3(92). Biopolymers 1994, 34, 625-638.
363

References for Chapter 4.
(1) Guss, J. M.; Hukins, D. W. L.; Smith, P. J. 0; Winter, W. T.; Arnott, S.;
Moorhouse, R.; Rees, D. A. Hyaluronic-Acid - Molecular-Conformations and
Interactions in 2 Sodium Salts. J. Mol. Biol. 1975, 95, 359-384.
(2) Winter, W. T.; Arnott, S. Hyaluronic-Acid - Role ofDivalent-Cations in
Conformation and Packing. J. Mol. Biol. 1977, 117, 761-784.
(3) Winter, W. T.; Smith, P. J. C.; Arnott, S. Hyaluronic-Acid - Structure of
a Fully Extended 3-Fold Helical Sodium Salt and Comparison with Less Extended 4-
Fold Helical Forms. J. Mol. Biol. 1975, 99, 219-231.
(4) Markovic-Housley, Z.; Miglierini, G.; Soldatova, L.; Rizkallah, P. J.;
Muller, U.; Schirrner, T. Crystal structure of hyaluronidase, a major allergen ofbee
venom. Structure 2000, 8, 1025-1035.
(5) Ponnuraj, K.; Jedrzejas, M. J. Mechanism of hyaluronan binding and
degradation: Structure of Streptococcus pneumoniae hyaluronate lyase in complex with
hyaluronic acid disaccharide at 1.7 angstrom resolution. J. Mol. Biol. 2000, 299, 885-
895.
(6) Toole, B. P. Hyaluronan is not just a goo! J. Clin. Invest. 2000, 106, 335-
336.
(7) Holmbeck, S. M. A.; Petillo, P. A.; Lerner, L. E. The solution
conformation of hyaluronan - a combined NMR and molecular-dynamics study.
Biochemistry 1994, 33, 14246-14255.
(8) Almond, A.; Sheehan, J. K.; Brass, A. Molecular dynamics simulations
of the two disaccharides of hyaluronan in aqueous solution. Glycobiology 1997, 7, 597-
604.
365
(9) Moulabbi, M.; Broch, H.; Robert, L.; Vasilescu, D. Quantum molecular
modeling ofhyaluronan. Theochem-J. Mol. Struct. 1997, 395, 477-508.
(10) Kaufinann, J.; Mohle, K.; Hofinann, H. J.; Arnold, K. Molecular
dynamics study of hyaluronic acid in water. Theochem-J. Mol. Struct. 1998, 422, 109-
121.
(11) Jiménez-Barbero, J.; Espinosa, J. F.; Asensio, J. L.; Canada, F. J.;
Poveda, A. The conformation of C-glycosyl compounds. Adv. Carbohydr. Chem.
Biochem. 2001, 56, 235-284.
(12) Skrydstrup, T.; Mazeas, D.; Elmouchir, M.; Doisneau, G.; Riche, C.;
Chiaroni, A.; Beau, J. M. 1,2-cis-C-glycoside synthesis by samarium diiodide-promoted
radical cyclizations. Chemistry-a European Journal 1997, 3, 1342-1356.
(13) Goekjian, P. G.; Wu, T. C.; Kang, H. Y.; Kishi, Y. Preferred
Conformation of C-Glycosides .2. Preferred Conformation of Carbon Analogs of
Isomaltose and Gentiobiose. J. Org. Chem. 1987, 52, 4823-4825.
(14) Dowd, M. K.; Reilly, P. J.; French, A. D. Relaxed-Residue
Conformational Mapping ofthe 3-Linkage Bonds ofIsomaltose and Gentiobiose with
MM3(92). Biopolymers 1994, 34, 625-638.
(15) Neuman, A.; Longchambon, F.; Abbes, 0.; Gillierpandraud, H.; Peréz,
S.; Rouzaud, D.; Sinay, P. Conformational Features of C-Glycosyl Compounds—
Crystal- Structure and Molecular Modeling ofMethyl C-Gentiobioside. Carbohydr.
Res. 1990, 195, 187-197.
(16) Jin, H.; Uenishi, J.; Christ, W. J.; Kishi, Y. Catalytic Effect ofNickel(II)
Chloride and Palladium(II) Acetate on Chromium(H)-Mediated Coupling Reaction of
Iodo Olefins with Aldehydes. J. Am. Chem. Soc. 1986, 108, 5644-5646.
366
(17) Kishi, Y. Preferred Solution Conformation ofMarine Natural Product
Palytoxin and of C—Glycosides and Their Parent Glycosides. Pure Appl. Chem. 1993,
65, 771-778.
(18) Oleary, D. J.; Kishi, Y. Preferred Conformation of C-Glycosides .11. C-
Sucrose - New Practical Synthesis, Structural Reassignment, and Solid-State and
Solution Conformation of Its Octaacetate. J. Org. Chem. 1993, 58, 304-306.
(19) Ciunik, Z.; Luger, P.; Yu, K. L. Methyl 4,6-O-Benzylidene-2-deoxy-2-
C-( 1 ,2: 3 ,4-di-O-isopropylidene-L-glycero-D-galacto-hexopyranos-6-yl)-01-D-arabino-
hexopyranosid-3-ulose monohydrate. Acta Crystallogr. Sect. C-Cryst. Struct. Commun.
1992, 48, 873-876.
(20) Urban, D.; Skrydstrup, T.; Beau, J. M. Stereocontrolled synthesis of a-C-
galactosamine derivatives via chelation-controlled C-glycosylation. J. Org. Chem.
1998, 63, 2507-2516.
(21) Babirad, S. A.; Wang, Y.; Goekjian, P. G.; Kishi, Y. Preferred
Conformation of C-Glycosides .3. Preferred Conformation of Carbon Analogs of
(1—+4)-Disaccharides. J. Org. Chem. 1987, 52, 4825-4827.
(22) Houk, K. N.; Eksterowicz, J. E.; Wu, Y. D.; Fuglesang, C. D.; Mitchell,
D. B. Conformational Preferences of the O—C—C—C Unit in Acyclic and Cyclic
Systems— the Exo-Deoxoanomeric Effect and Related Phenomena. J. Am. Chem. Soc.
1993, 115, 4170-4177.
(23) Cremer, D.; Pople, J. A. General Definition ofRing Puckering
Coordinates. J. Am. Chem. Soc. 1975, 97, 1354-1358.
(24) Fowler, P.; Bemet, B.; Vasella, A. A “H NMR spectroscopic
investigation of the conformation ofthe acetamido group in some derivatives ofN-
acetyl-D- allosamine and -D-glucosamine. Helv. Chim. Acta 1996, 79, 269-287.
367
(25) Espinosa, J. F.; Dietrich, H. J.; Martin-Lomas, M.; Schmidt, R. R.;
Jiménez-Barbero, J. Conformational flexibility of C-glycosides: Experimental evidence
ofthe existence of a Gauche—Gauche conformation around the glycosidic linkage for a
lactose analogue. Tetrahedron Lett. 1996, 3 7, 1467-1470.
(26) Espinosa, J. F.; Martin-Pastor, M.; Asensio, J. L.; Dietrich, H.; Martin-
Lomas, M.; Schmidt, R. R.; Jiménez-Barbero, J. Experimental and Theoretical
Evidences of Conformational Flexibility of C-Glycosides—NMR Analysis and
Molecular Mechanics Calculations of C-Lactose and Its O-Analog. Tetrahedron Lett.
1995, 36, 6329-6332.
(27) Rubinstenn, G.; Sinay, P.; Berthault, P. Evidence of conformational
heterogeneity for carbohydrate mimetics. NMR study of methyl B-C—lactoside in
aqueous solution. J. Phys. Chem. A 1997, 101, 2536-2540.
(28) French, A. D.; Kelterer, A. M.; Johnson, G. P.; Dowd, M. K.; Cramer, C.
J. Constructing and evaluating energy surfaces of crystalline disaccharides. J. Mol.
Graph. 2000, 18, 95-107.
(29) Carter, M. B.; Petillo, P. A.; Anderson, L.; Lerner, L. E. The (1—-+4)-
Linked Disaccharide ofHyaluronan—Synthesis ofMethyl 2-acetamido-2-deoxy-I3-D-
glucopyranosyl-(l—+4)-B-D -glucopyranosiduronic acid. Carbohydr. Res. 1994, 258,
299-306.
(30) Hamilton, S. K. Synthesis ofthe S— and C-Linked Disaccharide
Analogues Related to Hyaluronic Acid. Dissertation, University of Tennessee:
Knoxville, TN, 2001.
(31) Gottlieb, H. E.; Kotlyar, V.; Nudelman, A. NIVIR chemical shifts of
common laboratory solvents as trace impurities. J. Org. Chem. 1997, 62, 7512-7515.
368
(32) Beger, R. D.; Arthanari, H. B.; Basu, S.; Bolton, P. H. Interresidue quiet
NOEs for DNA structural studies. Journal ofMagnetic Resonance 1998, 132, 34-40.
(33) Borgias, B. A.; James, T. L. MARDIGRAS: a procedure for matrix
analysis of relaxation for discerning geometry of an aqueous structure. J. Magn. Reson.
1990, 87, 475-487.
(34) Borgias, B. A.; James, T. L. Two-dimensional nuclear Overhauser effect:
complete relaxation matrix analysis. Methods Enzymol. 1989, 1 76, 169-183.
(3 5) Keepers, J. W.; James, T. L. A theoretical study of distance
determinations from NMR. Two-dimensional nuclear Overhauser effect spectra. J.
Magn. Reson. 1984, 5 7, 404-426.
(36) Donati, A.; Magnani, A.; Bonechi, C.; Barbucci, R.; Rossi, C. Solution
structure of hyaluronic acid oligomers by experimental and theoretical NMR, and
molecular dynamics simulation. Biopolymers 2001, 59, 434-445.
(37) Miertus, S.; Bella, J.; Toffanin, R.; Matulova, M.; Paoletti, S.
Conformational analysis on segments of charged polysaccharides. The case of
hyaluronic acid dimer and chondrosine. Theochem-J. Mol. Struct. 1997, 395, 43 7-449.
(3 8) Haasnoot, C. A. G.; Deleeuw, F.; Altona, C. The Relationship between
Proton—Proton NMR Coupling Constants and Substituent Electronegativities .1. An
Empirical Generalization of the Karplus Equation. Tetrahedron 1980, 36, 2783-2792.
(39) Spek, A. L. PLATON, A Multipurpose Crystallographic Tool, Utrecht






Appendix A. Introduction to the Nomenclature of Carbohydrate Conformation.
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1. Definition of Terms.
The two monosaccharide residues of a disaccharide are referred to as reducing
and non-reducing, where the reducing end refers to that monosaccharide with its
anomeric hydroxyl group not glycosidically linked to another carbohydrate residue.
This terminology can be extended to the termini of oligo- and polysaccharides. The
atom labels on the non-reducing sugar are primed to differentiate them from the
reducing sugar, and in the case ofthe C-disaccharide, the interglycosidic carbon atom is
numbered as C-7 (see Figure A-l). In the case of O- and S-linked sugars, this atom is
numbered as 0-1' or S-l ’. Similarly, all other non-carbon atoms are identified with the
same number of the carbon atom to which they are attached, and the ring oxygen atom
is thus identified as 0-5.
 
Figure A-l. Hyaluronic acid C-disaccharide with atom labels
The glycosidic torsion angles (I) and 1|) are defined as follows: (I) is the angle
defined by the series of atoms H-1’—C-1’—Xg—C-4, where the terminal atom in this
example is specific to (1—>4)-linked disaccharides and Xg is oxygen, carbon, or sulfur
(see Figure A-2). Similarly, 1|) can be defined as the series of atoms C-1’-Xg—C-4—H-4.
The nomenclature used in this dissertation describing the various conformations
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Figure A-2. (I) and 1|) definitions
of (I) and 1|) is according to that set out by Jiménez-Barbero.l There are other
conventions in the literature for the designation ofthe conformers; however, a single
standard is necessary for clarity. One exception is the statement ofvalues fiom crystal
structures for which the positions of hydrogen atoms are not explicitly solved. These
values will be related by the conformational family designation as detailed in the
Newman projections in Figure A-3. An effort will be made to ensure clarity in these
situations.
11. Definition ofPrincipal Conformations of (I) and 1|) with Conformational Analysis.
If one examines the three possible staggered conformations ofthe H-1’—C-1 '—
Xg—R angle for a (1—->4)-linked hyaluronic acid disaccharide, one can enumerate steric
interactions for each conformer and rationalize which one is lowest in energy. The syn-
exo-(I) and anti-exo-(I) conformers exhibit a gauche relationship between the C-1'—O-5’
bond and the Xg—R“ bond; therefore, both are consistent with the exo-anomeric effect.
However, the anti-exo-(I) conformer has one gauche steric interaction between C-2’ and
R“, and is thus destabilized relative to the syn-exo-(I) conformer. The non-exo-(I)
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Figure A-3. Newman projections of (I) and 1|) conformers of B-D-glucose
Newman projections a.—c. show conformers of (I), and are from the perspective of the C-
1’—C-7 bond. R“ represents C-4 ofthe reducing-end sugar residue. Newman projections
d.—g. show the four conformers of 1|), and are from the perspective of the C-4—C-7 bond.
R2 represents C-l ’. Refer to Figure A-l for the chemical structure.
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conformer has a 1,3-syn diaxial interaction between N-2’ and C-4 and is thus
destabilized relative to the other two conformers.
There are four relevant conformers about 1|)—three staggered and one eclipsed.
Each ofthe staggered conformers has one gauche steric interaction between R2 (the
non-reducing sugar in this case) and C-3 or C-5. As it is difficult to unambiguously
differentiate among syn-(+)-1|), syn-(-)-1|), and eclipsed-1|) based on NOEs (nuclear
Overhauser effects), these conformations are sometimes referred to as a continuum——
syn-1|).
HI. Analysis ofHydroxymethyl Rotamers ofD-Galactose and D-Glucose.
The overall shape of disaccharides or higher order oligosaccharides is
determined by the angles (b and 1|), which indicate the relative orientations ofthe sugar
rings. Generating information about these angles from NMR data usually involves
measuring NOEs for the proton resonances adjacent to the glycosidic bond. However,
conformational information can also be yielded from the coupling constants of the
protons on the ring, as well as those of the primary hydroxyl group, as in the case of
galactose and glucose. When a sugar is glycosylated or otherwise fiinctionalized at the
6-position, this information can reveal much about the overall conformation ofthe
molecule.
There are three possible staggered conformations with 00(0-5—C-5—C-6—O-6) =
—60°, 60° and 180° (see Figure A-4). These conformers are referred to as GG, GT, and
TG, respectively, and the designations are derived from the orientations of 0-5 and C-4
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to 0-6.2 As seen in the Newman projections in Figure A-5, the orientation of the
hydroxyl group at C-4 is crucial to determining which conformers are populated. The
GG:GTzTG distribution for galactose (a) in D20 is 20:60:20 from NMR data2 and
8:58:34 according to a study of crystal structures in the literature.“ The GG conformer
is destabilized by a 1,3-diaxial type interaction . The GT and TG conformations of
galactose are free of this destabilizing interaction and are present in greater amounts.
Population distribution can also vary due to fiinctionalization ofthe 6-position, as well
as solvent polarity.“
For glucose, the distribution found in D20 and in the solid state is 60:40 GG:GT.
Little or none ofthe TG conformation is present because of the syn-diaxial interaction
between 0-4 and 0-6. "This observation has also been attributed to the poor solvation of
this conformer relative to the GG and GT conformers.
Multiple methods exist for the relation ofthe O-5—C-5—C-6—O-6 torsion angle
and the values ofthe H-6 coupling constants. The modified Karplus—Altona equation5
relates the H-5—H-6 coupling constants to the angle between them, while Serianni,
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Figure A-5. Newman projections ofthe hydroxymethyl conformers ofD-galactose and
D-glucose
0-5 and OH-6 are shown in bold text for clarity. The perspective shown is along the
C-5—C-6 bond. a. The three hydroxymethyl rotamers of D-galactose. b. The three
hydroxymethyl rotamers ofD-glucose.
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to the angle 00.6 Nishida and co-workers have developed a system of equations to
calculate the conformer distribution from the measured coupling constants.4 Bock and
Pedersen have published a similar method that uses a triangle whose vertices are the
limiting coupling constant values for each conformer based on the Karplus—Altona
equation.7
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Appendix B. Tabular and Spectral Data that Pertain to the Solution Structures of
Monoacylated Anthocyanins fiom Daucus carota.
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Table B-1. Chemical shifts of anthocyanins 6—10 in D20.
 
 
Res. H 6 7 8 9 10
Flav 4 7.937 8.190 8.122 8.075 8.823
s“ s s s s
6 6.430 —b 6.459 6.401 —"
s br s d
(1.9)
8 6.169 —b 6.337 6.659 —b
5 br s m
2' 7.380 7.566 7.514 7.665 7.908
br s br 3 br 5 br s br s
5’ 6.839 6.959 6.985 6.985 7.017
d d d d d
(8.5) (8.8) (8.6) (8.8) (8.7)
6' 7.665 7.895 7.715 7.846 7.975
br s br (1 dd br (1 br (1
(8.8) (1.6, 8.6) (8.8)
Gal 1 4.868 4.943 5.003 5.163 5.342
d d d d d
(7.4) (7.6) (7.3) (7.3) (7.5)
2 4.164 3.968 4.128 4.21 4.205
dd dd dd m dd
(7.4, 9.2) (7.7, 9.7) (7.3, 9.1) (7.6, 9.3)
3 4.041 3.893 4.05 4.076 3.979
dd dd m dd dd
(3.6, 9.2) (3.5, 9.7) (3.4, 9.4) (3.3, 9.3)
4 3.959 4.041 4.06 4.037 4.073
d d m (1 br (1
(3.6) (3.5) (3.4) (3.3)
5 4.329 4.362 4.385 4.549 4.121
br (1 dd dd br (1 dd
(~10 Hz) (1.7, 10.0) (9.7) (33, 8.1)
6A 4.244 4.244 4.240 4.305 4.070
dd dd dd dd dd
(101,128) (9.9, 13.1) (9.9, 12.8) (9.9, 12.8) (8.1, 11.8)
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Table B-1 cont’d. Chemical shifts of anthocyanins 6—10 in D20.
 
 
Res. H 6 7 8 9 10
Gal 6B 3.798 3.856 3.859 3.93 4.006
br (1 br (1 dd m dd
(12.0) (12.7) (1.7, 13.1) (3.8, 11.8)
Xyl 1 4.748 — 4.602 4.710 4.669
d d d d
(7.7) (7.7) (7.9) (7.9)
2 3.06 — 3.140 2.946 3.256
m dd dd dd
(7.7, 9.3) (7.9, 9.2) (7.9, 9.0)
3 3.348 — 3.245 2.336 3.35
dd dd dd m
(9.2, 9.2) (9.1, 9.3) (9.0, 9.2)
4 3.17 —— 3.352 3.288 3.435
m ddd ddd m
(5.6, 9.1, (5.5, 9.0,
10.4) 10.6)
5A 3.49 — 3.276 3.47 3.474
m dd m dd
(5.6, 11.4) (5.3, 11.5)
SE 3.04 — 2.340 2.827 2.831
m dd dd dd
(10.4, (10.6, (10.6,
11.4) 11.4) 11.6)
Glc 1 4.572 4.614 4.505 4.656 4.397
d d d d d
(7.8) (7.8) (7.7) (7.8) (7.7)
2 3.411 3.461 3.453 3.523 3.45
dd dd dd dd m
(7.8, 9.1) (7.8, 9.2) (7.7, 9.3) (7.7, 9.1)
3 3.522 3.564 3.562 3.64 3.32
dd dd dd m m
(9.1, 9.3) (9.2, 9.3) (9.3, 9.3)
4 3.624 3.66 3.690 3.782 3.34
dd m dd dd m
(9.3, 9.5) (9.3, 9.5) (9.2, 9.6)
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Table B-1 cont’d. Chemical shifts of anthocyanins 6—10 in D20.
 
 
Res. H 6 7 8 9 10
Glc 5 3.51 3.541 3.545 3.62 3.28
m m m m m
6A 5.215 5.210 5.181 5.387 3.861
dd dd dd dd dd
(2.0, 12.5) (2.6, 12.1) (2.3, 12.6) (2.0, 12.3) (1.9, 12.1)
6B 4.005 4.051 4.058 4.20 3.658
br (1 m dd m dd
(12.0) (1.5, 12.6) (6.0, 12.2)
Acyl 2 5.714 5.969 6.721 6.832 —
(D) s, 2H s, 2H m, 2H s, 2H
3 — — 6.809 — —
m, 2H
5 — — 6.809 - -
m, 2H
6 5.714 5.969 6.721 6.832 -
s, 2H s, 2H m, 2H s, 2H
7 6.771 7.000 6.979 — —
d d d
(15.9) (16.0) (16.1)
8 5.948 6.043 6.091 — —
d d d
(15.9) (16.0 (16.1)
OCH3 3.140 3.212 — 3.457 —
s, 6H s, 6H s, 6H
3.645 3.674 3.607
s, 3H s, 3H 3. 3H  
a. Apparent, first-order couplings are indicated (5, singlet; br s, broad singlet; br (1, broad
doublet; d, doublet; dd, doublet of doublets; ddd, doublet of doublets of doublets; t,
triplet) in parentheses in Hz. b. Resonance was not observed sue to exchange with D20.
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Proton-Proton Pair Volume Measured 18111621301102“
H-5AXyl - H-5BXyl 1.000 s
H-6AGlc - H-6BGlc 0.379 s
H-6AG““ - H-6BG““ 0.367 s
H-IG“ - H-4 0.216 s
H.1Glc - H-6BG‘“ 0.199 s
1.1.4Gal - H.5G'al 0.165 M
H-lG‘“ - H-7D 0.154 M
H-3G“' - H-SG‘“ 0.153 M
H-3G““ - H-4‘“ 0.146 M
H-lG““ - H-5Gal 0.145 M
H-5Glc - H-6BGlc 0.124 M
H-4G““ — H-6BG“ 0.119 M
H-2Glc - H-4G“° 0.115 M
H-SG’“ - H-6BG‘“ 0.111 M
H-lG“° - H-3G“°, H-5Glc 0.362b w
H.4Xyl - H—2XY', H-5BXyl 0.335b w
H-2D, H-6D - 3,5-0Me 0.265b w
H-8D — H-2D, H-6D 0.244b w
H-7D - H-2D, H-6D 0.172b w
H-lG‘“ - H-3“““ 0.081 w
H-SG“° — H.6AGlc 0.078 w
H-5AXyl - H-5' 0.066 w
H-5' - H-2D, H-6D 0.063c w
H-2D, H-6D — fOMe 0.058 w
H.1Glc — H-2G'° 0.057 w  
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Table B-2 cont’d. Distance restraints for 3,4,5-TCIN 6 in D20.
 
Proton—Proton Pair Volume Measured Strength of;
Interaction
H-7D - H-8D 0.045 W
H-lG‘“ - H-ZG‘“ 0.041 w    
a. Strong interaction (S) = 1.7 A-2.5 A; medium interaction (M) = 1.7 A-3.2 A; weak interaction
(W) = 1.7 A—5 A. b. The relative intensities of overlapping ROEs were not determined. c. The
origin of the ROE could not be determined, so both distances were used as restraints.
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Proton—Proton Pair Volume Measured 1813:3531“0:“:
H-6AG“° - H-6BG'° 1.000 s
H-6AG““ — H-6BG““ 0.937 s
H-lG“° - H-6BG““ 0.423 s
H.1Gal - H-4 0.353 S
H-lG‘“ - H-5“““ 0.339 3
H4“ - H-5Gal 0.255 M
H-lG’“ — H-7D 0.240 M
H-2Glc - H-4Glc 0.173 M
H-5Glc - H.6AGlc 0.161 M
H-lG‘“ - H-3G““ 0.152 M
H—5Glc - H-6BGlc 0.148 M
H..1Glc - H-3G“°, H.5Glc 0.665b w
H-2D, H-6D - 3,5-0Me 0.582b w
H-4G““ - H-3G““, H-6BG’“ 0.546b w
H-7D — H-2D, H-6D 0.449b w
H-5Gal - H-BG“, H-6BGal 0.425b w
H-8D — H-2D, H-6D 0.410b w
H-5' - H-6' 0.089 w
H-1Glc - H-2Glc 0.088 w
H-lG‘“ - H-2‘“““ 0.065 w
H.1Glc — H.4Glc 0.032 w
H-7D — H-8D 0.029 w
H-4G“° — H.6BGlc 0.025 w
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Table B-3. Distance restraints for 3,4,5-TClN-X 7 in D20.
 
 
Proton—Proton Pair Volume Measured Isnttreerliiiiloz“
H-ZG“° - H-3Glc 0.022 w
H-lG“° - H-5“““ 0.021 w
H.5Gal - H-4 0.019 w
H-ZG‘“ - H-SG‘“ 0.019 w
H-2G‘° — H-4 0.017 w
H-4 - H-8D 0.014 w
H-lG‘“ - H-6AG““ 0.009 w    
a. Strong interaction (S) = 1.7 A—2.5 A; medium interaction (M) = 1.7 A-3.2 A; weak interaction
(W) = 1.7 A-5 A. b. The relative intensities of overlapping ROEs were not determined.
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Proton—Proton Pair Volume Measured Isnttrecrgrittliofr“
H-6AG“° - H-6BGlc 1.000 s
H-6AG““ - H-6BG““ 0.789 s
H-lG“°- H-5Glc 0.586 s
H-lxy“ - H-2G°“ 0.493 s
H.1Xyl - H.5BXyl 0.373 s
H-1Glc - H-6BG““ (proS) 0.303 s
H-5' - H-6' 0.261 s
141.1Gal _ H-4 0.261 S
H-lG‘“ — H-SG‘“ 0.248 s
H5Glc - H.6AGlc 0.199 M
H-1Xyl - H-3X’“ 0.196 M
H-2Xyl - H.4Xyl 0.193 M
H-2Glc — H-4G“° 0.187 M
H-4G‘“ - H.5BXyl 0.186 M
H-5Glc — H-6BGlc 0.183 M
H-SG‘“ - H-6BG““ 0.149 M
H-lG“ - H-3G““ 0.148 M
H-IG“ - H-7D 0.138 M
H.5BXyl — H-3X’“, H.5AXyl 1.660b w
H-8D - H-2D, H-6D 0.565b w
H-SG‘“ - H-3G““, H-4G““ 0.532b w
H-7D - H-2D, H-6D 0.372b w
H-2D, H-6D - H-3D, H-5D 0.243b w
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Proton—Proton Pair Volume Measured 1811:2531“0:“,
H-lG“° — H.2Glc 0.085 w
H-rGal - H-2“““ 0.077 w
H-rXyl - H-2Xyl 0.075 w
H.4Glc - H-SG“° 0.068 w
H-4Glc - H-6BG“° (proS) 0.057 w
H.5AXyl — H-2D, H-6D 0.053” w
H-7D - H-8D 0.051 w
H-4G““ — H-6AG““ 0.046 w
H- 1Glc - H-4Glc 0.041 w
H-2Gal — H-3‘”“ 0.040 w
H.1Xyl - H-3G‘“ 0.039 w
H-ZX’“ - H-3Xy“ 0.036 w
H-4G“° — H.6BGlc 0.035 w
H-Sx’“ - H-7D 0.033 w
H-2Glc - H-3Glc 0.028 w
H-2Xyl - H-2D, H-6D 0.024” w   
a. Strong interaction (S) = 1.7 A-2.5 A; medium interaction (M) = 1.7 A-3.2 A; weak interaction
(W) = 1.7 A-5 A. b. The relative intensities of overlapping ROEs were not determined.
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Proton-Proton Pair Volume Measured 1811:2302“;
H—5AXyl - H.5BXyl 1.184 s
H-6AG“° - H-6BGlc 1.000 s
H-6AGal - H-6BG““ 0.969 s
H-1Glc - H-6BG““ 0.378 s
H-lxy“ - H..5BXyl 0.378 s
H-lG‘“ - H-5‘“““ 0.296 3
H20” - H-4G“° 0.286 M
H-lG’“ - H-4 0.277 M
H-lxy“ - H-3X’“ 0.246 M
H-2Xy' — 11.4Xyl 0.220 M
H-SG“° - H-6BGlc 0.186 M
H-1Glc - H-3G'°, H—5Glc 0.840 w
H-1Xyl — H-2“““ 0.618 w
H-SG”l - H3“, H4“ 0.616 w
H-2D, H-6D — 3,5-0Me 0.518 w
H-SG‘“ - H-6BG‘“ 0.142 w
H-1Gal - H-3G°“ 0.140 w
H.1Glc - H-2Glc 0.136 w
H-5' — H-6' 0.134 w
H-lG‘“ - H-2D, H-6D 0.131 w
H-3X’“ - H-5BXyl 0.130 w
H—5Glc — H.6AGlc 0.108 w
H-2Xyl - H-5BXyl 0.093 w 
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Table B-5 cont’d. Distance restraints for 3,4,5-TMBENZ 9 in D20.
 
    
Proton—Proton Pair Volume Measured figggfiogf
H-6' - 3,5-0Me 0.081 w
H.4Glc — H-2D, H-6D 0.029 w
H-lG‘“ - H-2Gal 0.023 w
a. Strong interaction (S) = 1.7 A-2.5 A; medium interaction (M) = 1.7 A-3.2 A; weak interaction
(W) = 1.7 A-5 A. b. The relative intensities of overlapping ROEs were not determined.
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Proton-Proton Pair Volume Measured 18.116612133110311
H-6AGlc - H-6BG“° 1.000 s
H-5AXyl - H-5BXyl 0.645 3
H56” — H-6BG“° 0.246 5
H10“ - H-4 0.214 s
H-SG“° - H.6AGlc 0.194 s
H2Gal - H-1Xyl 0.170 M
11.3Xyl — H.5BXyl 0.167 M
H.1Xyl - H-5BXyl 0.154 M
H-ZG‘“ — H-3G““ 0.147 M
H-lG‘“ - H-SG‘“ 0.130 M
H.2Gal — 11.4Gal 0.106 M
H-SG‘“ - H-6AG‘“, H-6BG‘“ 0.454” w
H-IG“ - H-6AG‘“, H-6BG““ 0.315” w
H.1Glc — H-ZG“ °, H-3G“°, H-SG“° 0.295” w
H-6AG“° - H-SAX’“ 0.080 w
H-5' -H-6' 0.070 w
H-4Xyl - H-5BXyl 0.059 w
H.1Xyl - H.3Xyl 0.057 w
H-4G““ — H-SG“ 0.051 w
H-lG‘“ — H-3G““ 0.044 w
H-3G““ - H-ZG’“ 0.036 w
H-lG“ - H-2“““ 0.023 w
H-6AG““ - H-6BG““ —° w  
396
a. Strong interaction (S) = 1.7 A-2.5 A; medium interaction (M) = 1.7 A—3.2 A; weak interaction
 
Table B-6 cont’d. Distance restraints for CyanGXG 10 in D20.
(W) = 1.7 A-5 A. b. The relative intensities of overlapping ROEs were not determined. c. The
volume could not be detemrined due to the close proximity of the two resonances.
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Atom 3,4,5-TCIN 6 3’4’5'T7CIN‘X 4-FCIN 8 “flag; 9 CyanGXG 10
1 —0.012 -0.012 —0.012 —0.012 —0.012“
2 0.29 0.29 0.29 0.29 0.29
3” -0.02 -0.02 —0.02 -0.02 -0.02
4 C: 0.05 C: 0.05 C: 0.05 C: 0.05 C: 0.05
H: 0.19 H: 0.19 H: 0.19 H: 0.19 H: 0.19
C: 0.22 C: 0.22 C: 0.22 C: 0.22 C: 0.22
5 O: -0.22 O: —0.22 0: —0.22 O: —0.22 O: —0.22
H: 0.26 H: 0.26 H: 0.26 H: 0.26 H: 0.26
6 C: —0.27 C: -0.27 C: —0.27 C: —0.27 C: —0.27
H: 0.18 H: 0.18 H1018 H: 0.18 H: 0.18
C: 0.24 C: 0.24 C: 0.24 C: 0.24 C: 0.24
7 0: —0.20 O: -0.20 O: —0.20 O: —0.20 O: —0.20
H: 0.25 H: 0.25 H: 0.25 H: 0.25 H: 0.25
8 C: —0.22 C: —0.22 C: -0.22 C: —0.22 C: —0.22
H: 0.19 H: 0.19 H: 0.19 H: 0.19 H: 0.19
9 0.17 0.17 0.17 0.17 0.17
10 —0.17 —0.17 —0.17 —0.17 —0.17
1’ —0.10 —0.10 —0.10 —0.10 —0.10
2, C: —0.01 C: -0.01 C: —0.01 C: —0.01 C: —0.01
H: 0.16 H: 0.16 H: 0.16 H: 0.16 H: 0.16
C: 0.00 C: 0.00 C: 0.00 C: 0.00 C: 0.00
3' 0: -0.22 O: —0.22 O: —0.22 O: —0.22 0: —0.22
H: 0.23 H: 0.23 H: 0.23 H: 0.23 H: 0.23
C: 0.09 C: 0.09 C: 0.09 C: 0.09 C: 0.09
4' O: -0.21 O: —0.21 O: —0.21 O: -0.21 O: —0.21
H: 0.23 H: 0.23 H: 0.23 H: 0.23 H: 0.23
l C: -0.14 C: -0.14 C: —0.14 C: —0.14 C: -0.14
5 H: 0.18 H: 0.18 H: 0.18 H: 0.18 H: 0.18
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3,4,5-TCIN-X 3,4,5-
Atom 3,4,5-TCIN 6 7 4-FCIN 8 TMBENZ 9 CyanGXG 10
6' C: -0.04 C: -0.04 C: —0.04 C: —0.04 C: —0.04
H: 0.18 H: 0.18 H: 0.18 H: 0.18 H: 0.18
1D —0.05 —0.05 —0.08 —0.06 —
2D C: —0.12 C: —0.12 C: 0.08 C: -0.16 —
H: 0.15 H: 0.15 H: 0.14 H: 0.16 —
0.05 0.05 C: -0.18 0.05 —
3D
— — H: 0.15 — —
0.04 0.04 C: 0.12 0.05 —
4D
— — F: -0.09 — —
0.05 0.05 C: -0.18 0.05 —
5D
— — H: 0.15 — ——
6D C: —0.12 C: -0.12 C: —0.08 C: —0.12 —
H: 0.15 H: 0.15 H: 0.14 H: 0.17 —
7D C: —0.02 C: —0.02 C: —0.02 — —
H: 0.16 H: 0.16 H: 0.15 — ——
8D C: —0.20 C: -0.20 C: —0.21 — —
H: 0.14 H: 0.14 H: 0.14 — —
C-O C: 0.34 C: 0.34 C: 0.34 C: 0.35 —
O: —0.37 O: —0.37 O: -0.37 0: —0.36 —
O: —0.22 O: -0.22 — O: -0.20 —
395' . . _ . _
OMe C. -0.06 C. 0.06 — C. 0.06 —
H: 0.08 H: 0.08 — H: 0.08 —
O: —0.23 O: —0.23 — 0: —0.21 —
4-
OMe C. —0.06 C. —0.06 — C. —0.06 —
H: 0.08 H: 0.08 — H: 0.07 —
C: 0.15 C: 0.13 C: 0.15 C: 0.15 C: 0.15
Gall H: 0.10 H: 0.10 H: 0.10 H: 0.10 H: 0.10
O: -0.18 O: —0.22 O: -0.18 O: -0.18 O: —0.18
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Atom 3,4,5-rem 6 3’4’5'T7CIN'X 4-FCIN 8 rthiENS-z 9 CyanGXG 10
C: 0.04 C: 0.04 C: 0.04 C: 0.04 C: 0.04
H: 0.10 H: 0.11 H: 0.10 H: 0.10 H: 0.10
Gal 2 0: —0.18 O: —0.32 O: -0.18 O:-0.18 O:-0.18
— H (OH): 0.22 — — —-
C: ~0.01 C: —0.01 C: —0.01 C: —0.01 C: —0.01
Gal 3 H: 0.09 H: 0.11 H: 0.09 H: 0.09 H: 0.09
O: -0.30 O: —0.30 O: —0.30 0: —0.30 0: -0.30
H (OH): 0.22 H (OH): 0.23 H (OH): 0.22 H (OH): 0.22 H (OH): 0.22
C: -0.03 C: —0.03 C: —0.03 C: —0.03 C: —0.03
Gal 4 H: 0.14 H: 0.14 H: 0.14 H: 0.14 H: 0.14
O: -0.29 O: —0.29 0: —0.29 O: —0.29 O: —0.29
H (OH): 0.21 H (OH): 0.21 H (OH): 0.21 H (OH): 0.21 H (OH): 0.21
C: —0.02 C: —0.02 C: -0.02 C: -0.02 C: -0.02
Gal 5 H: 0.10 H: 0.10 H: 0.10 H: 0.10 H: 0.10
O: —0.33 O: -0.24 O: ~0.33 O: -0.33 O: -0.33
C: 0.00 C: 0.00 C: 0.00 C: 0.00 C: 0.00
Gal 6 H: 0.12, 0.12 H: 0.12, 0.12 H: 0.12, 0.12 H: 0.12, 0.12 H: 0.12, 0.12
O: —0.24 0: —0.24 0: —0.24 O: —0.24 O: —0.24
Xyl 1° C: 0.13 — C: 0.13 C: 0.13 C: 0.13
H: 0.10 — H: 0.10 H: 0.10 H: 0.10
C: —0.02 — C: —0.02 C: —0.02 C: —0.02
Xy12 H:0.ll — H:0.11 H: 0.11 H: 0.11
O: —0.32 — 0: —0.32 O: -0.32 0: —0.32
H (OH): 0.23 — H (OH): 0.23 H (OH): 0.23 H (OH): 0.23
C: 0.00 — C: 0.00 C: 0.00 C: 0.00
Xyl 3 H: 0.10 — H: 0.10 H: 0.10 H: 0.10
O: —0.33 — O: —0.33 O: —0.33 O: —0.33
H (OH): 0.20 — H (OH): 0.20 H (OH): 0.20 H (OH): 0.20
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Atom 3,4,5-TCIN 6 3’4’5'T7C“N'X 4-FCIN 8 T11713B4BN5-z 9 CyanGXG 10
C: 0.02 — C: 0.02 C: 0.02 C: 0.02
H: 0.10 — H: 0.10 H: 0.10 H: 0.10
Xyl 4
O: -0.32 — O: —0.32 O: -0.32 O: —0.32
H (OH): 0.23 — H (OH): 0.23 H (OH): 0.23 H (OH): 0.23
C: 0.00 — C: 0.00 C: 0.00 C: 0.00
H“: 0.18 — H“: 0.18 Hax: 0.18 H“: 0.18
Xy15
Heq: 0.12 — Heq: 0.12 Heq: 0.12 Heq: 0.12
0: -0.32 — O: -0.32 0: -0.32 O: -0.32
Glc 1d C: 0.13 C: 0.13 C: 0.13 C: 0.13 C: 0.13
H: 0.07 H: 0.07 H: 0.07 H: 0.07 H: 0.07
C: 0.03 C: 0.03 C: 0.03 C: 0.03. C: 0.03
H: 0.15 H: 0.15 H: 0.15 H: 0.15 H: 0.15
Glc 2 O: —0.30 O: -0.30 O: —0.30 O: -0.30 O: —0.30
H (OH): 0.20 H (OH): 0.20 H (OH): 0.20 H (OH): 0.20 H (OH): 0.20
C: 0.05 C: 0.05 C: 0.05 C: 0.05 C: 0.05
H: 0.06 H: 0.06 H: 0.06 H: 0.06 H: 0.06
Glc 3 O: —0.30 0: -0.30 0: —0.30 O: -0.30 O: —0.30
H (OH): 0.22 H (OH): 0.22 H (OH): 0.22 H (OH): 0.22 H (OH): 0.22
C: —0.03 C: -0.03 C: —0.03 C: —0.03 C: -0.03
Glc 4 H: 0.12 H: 0.12 H: 0.12 H: 0.12 H: 0.12
O: —0.35 O: -0.35 O: —0.35 0: -0.35 0: -0.35
H (OH): 0.22 H (OH): 0.22 H (OH): 0.22 H (OH): 0.22 H (OH): 0.22
C: —0.01 C: —0.01 C: —0.01 C: —0.01 C: -001
Glc 5 H: 0.06 H: 0.06 H: 0.06 H: 0.06 H: 0.06
O: —0.30 O: -0.30 O: —0.30 O: —0.30 O: —0.30
C: 0.00 C: 0.00 C: 0.00 C: 0.00 C: -0.03
Glc6 H: 0.10, 0.10 H: 0.10,0.10 H: 0.10,0.10 H: 0.12,0.12 H: 011,012
0: —0.23° O: —0.23° O: —0.23° 0: -—0.24° O: -0.31
— — — — H (OH): 0.21
401
 
Table B-7 cont’d. AMI charge set for anthocyanins 6—11.
a. The lack of atom designation signifies that the partial charge value is for a carbon
atom. b. The charge ofthe attached oxygen is recorded in the entry for Gal 1. c. The
charge ofthe attached oxygen is recorded in the entry for Gal 2. d. The charge ofthe
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Appendix C. Tabular and Spectral Data that Pertain to the Characterization ofNovel
Anthocyanins Produced by Daucus carota Cell Cultures
413

Table C-l. ROEs measured for 27 in methanol-d4.




Table C-l cont’d. ROEs measured for 27 in methanol-d4.
Proton—Proton Pair Volume Measured of Interaction“
 
a. Strong interaction (S) = 1.7 A-2.5 A; medium interaction (M) = 1.7 A-3.2 A; weak interaction (W) = 1.7
A-S A. b. The relative intensities of overlapping ROEs were not determined.
416
Table C-2. ROEs measured for 29 in methanol-d4.
Proton—Proton Pair Volume Measured of Interaction“
Glc
 
a. Strong interaction (S) = 1.7 A-2.5 A; medium interaction (M) = 1.7 A-3.2 A; weak interaction (W) = 1.7
A—S A. b. The relative intensities of overlapping ROEs were not determined.
417
Table C-3. ROEs measured for 30 in methanol-d4.




a. Strong interaction (S) = 1.7 A-2.S A; medium interaction (M) = 1.7 A-3.2 A; weak interaction (W) = 1.7
A—S A. b. The relative intensities of overlapping ROEs were not determined.
418
Table C-4. ROEs measured for 31 in methanol-d4.




Table C-4 cont’d. ROEs measured for 31 in methanol-d4.
Proton—Proton Pair Volume Measured of Interaction“
Xyl _
 
a. Strong interaction (S) = 1.7 A-2.5 A; medium interaction (M) = 1.7 A-3.2 A; weak interaction (W) = 1.7
A-S A. b. The relative intensities of overlapping ROEs were not determined.
420







Proton-Proton Pair Volume Measured Strength of Interaction“
H-SAXY‘ — H-SBXY‘ 1.000 s
H-6AG‘“ - H.6BGal 0.832 s
H-6A°‘° - H.613Glc 0.824 s
H-lG'° - H-4' 0.374 s
H-lx" — H-ZG‘“ 0.258 M
H-3G" - H-4G'“ 0.233 M
H-IG‘“ - H-sGal 0.216 M
H—6D - H-7D 0.181 M
H-6AG‘“ - H-5°“',H-1°‘° 0.174 M
H-4°“’ - H-SG" 0.169 M
H-6' - H—5' 0.163 M
H-4G“’ - H-6BG‘“ 0.135 M
H-4Xyl - H-SAXY‘ 0.128 M
H-lG'l - H-7D 0.128 M
H—4D - H-SD 0.122 M
H-5°‘° - H-6B°‘° 0.122 M
H-lx" - H.513Xyl 0.119 M
H-SG‘° - H-6AG'° 0.117 M
H-3Xyl - H-SBXY' 0.112 M
H-3D - H-4D 0.102 M
H-1""‘-H-3"“l 0.101 M
H-1‘"° - 11-30“, H-SG'° 0.428b w
H-6BGal - H-SG‘“, H-1°‘° 0.426b w
H—4016 _ H_2Glc, H3016, H_SGlc 0.186b W
H-SD — H-6D 0.084 w
H-2Xyl - H-4Xyl 0.064 w
H-6D - H-8D 0.060 w
114’“ — H-3X" 0.059 w
H-4' — H-1°‘°, 11.5Gal 0.032 w
H.4Xyl - H-SBXY' 0.028 w
H-7D — H-8D 0.021 w
H.1Xyl — H-2' 0.017 w  
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Table C-5 cont’d. ROEs measured for 32 in methanol-d4.
a. Strong interaction (S) = 1.7 A-2.5 A; medium interaction (M) = 1.7 A-3.2 A; weak interaction (W) = 1.7
A-5 A. b. The relative intensities of overlapping ROEs were not determined.
422







Proton—Proton Pair Volume Measured Strength of Interaction“
H-6AG‘“ —H—6BG“1 1.105 s
H-SAXY‘ -H-SBX" 1.078 s
H-6AG'° —H-6B°‘° 1 s
H-lG‘l-H-4 0.442 s
H-6D -H-8D 0.392 3
H4” —H-2Gal 0.322 s
H-7D — CH3 0.301 s
H—1Xyl —H-SBXY' 0.289 s
H-IG‘“ —H-5Gal 0.276 s
H-3Gal — H40" 0.269 s
H-3D — CH3 0.236 s
H-4"“‘-H-5“‘*l 0.208 s
H-3G" -H-SG“' 0.188 M
H-4Xyl —H-5AXyl 0.171 M
H-5' —H-6' 0.169 M
11.4Gal —H-6BG“‘ 0.167 M
H-3Xyl —H-5BXyl 0.160 M
H-1Gal —H-7D 0.158 M
H-lG‘“ —H-3°“' 0.125 M
H-5G‘° —H-6BG‘° 0.124 M
H60“ —H—6A°'° 0.116 M
Haw—11.4Xyl 0.106 M
H.1Glc —H-2G‘°, H-3°‘°, H.5Glc 0.559b w
H-6BGal — H-SG‘“, H.1Glc 0.514b w
H-4G‘° — H-2GI °, H-3G‘°, H-SG'° 0.270b w
H.1XY1—H-3Xyl 0.096 w
H-2Xyl -CH3 0.090 w
H-ZG‘“ —H-3Gal 0.040 w
H-SG‘“ —H-4 0.038 w
H-8D — CH3 0.036 w
H-2Xyl —H-3Xyl 0.036 w
H-7D — H-8D 0.031 w 
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Table C-6 cont’d. ROEs measured for 33 in methanol-d4.
 
Proton—Proton Pair Volume Measured Strength of Interaction“
H-ZG‘“ - H-2' 0.022 w
H-SAxyl—H-Z' 0.021 w
H630"l — H-SG‘“, H-1°'° 0.020 w
H-lx" —H-2Xyl 0.018 w    
a. Strong interaction (S) = 1.7 A-2.5 A; medium interaction (M) = 1.7 A-3.2 A; weak interaction (W) = 1.7
A-5 A. b. The relative intensities of overlapping ROEs were not determined.
424
Table C-7. ROEs measured for 34 in methanol-d4.




Table C-7 cont'd. ROEs measured for 34 in methanol-d4.
 
    
Proton-Proton Pair Volume Measured Strengm of Interaction“
H-8__D — H-4 0.014 W
a. Strong interaction (S) = 1.7 A-2.5 A; medium interaction (M) = 1.7 A-3.2 A; weak interaction (W) = 1.7
A—S A. b. The relative intensities of overlapping ROEs were not determined.
426
Table C-8. ROEs measured for 35 in methanol-d4.





Table C-8 cont’d. ROEs measured for 35 in methanol-d4.
 
  
Proton-Proton Pair Volume Measured Strength of Interaction“
H-IG‘“ - H-SG‘“ 0.033 w
H-IXY' - H-2Xyl 0.029 w  
A. Strong interaction (S) = 1.7 A-2.5 A; medium interaction (M) = 1.7 A-3.2 A; weak interaction (W) = 1.7
A—S A. b. The relative intensities of overlapping ROEs were not determined.
428
Table C-9. ROEs measured for 36 in methanol-d4.





Table C-9 cont’d. ROEs measured for 36 in methanol-d4.
 
a. Strong interaction (S) = 1.7 A-2.5 A; medium interaction (M) = 1.7 A—3.2 A; weak interaction (W) = 1.7
A-5 A. b. The relative intensities of overlapping ROEs were not determined b. The relative intensities of
overlapping ROES were not determined.
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Proton-Proton Pair Volume Measured Strength of Interaction“
H-6AG'° - H-6BG‘° 1 s
H-6AG‘“ - H-6BG‘“ 0.951 s
H-lG‘“ - H-4 0.392 s
H-IG'° - H-6BG‘“ 0.339 s
H-1Gal — H-SG‘“ 0.302 s
H-S' - H-6' 0.24 3
H40“ - H-7D 0.159 M
H-5°‘° - H-6BGlc 0.149 M
H-4G"l — H-6BG‘“ 0.148 M
H-SG‘“ - H-6BGal 0.139 M
H-5Glc - H-6AG'° 0.128 M
H40“ - 11.3"“1 0.127 M
H-1010 _ H-2G“ c, H301“, H_5016 0500b W
H-2D, H-6D - 3,5-OMe 0.460b w
H-8D - H-2D, H-6D 0.440b w
H-SG‘“ - H3“, H4“ 0.428b w
H-4D -3,5-OMe 0.400b w
H—7D - H-2D, H-6D 0.337b w
H-2°‘° - H-4°‘° 0.261b w
H-IG‘“ — H-2“‘“ 0.046 w
H-ZG‘“ - H—3“‘“ 0.045 w
H—7D - H-8D 0.043 w
H-SG‘“ - H-4 0.037 w
H-SG‘“ - H—6AG‘“ 0.019 w
H-4 - H-8D 0.019 w
H-IG‘“ - H-ZD, H-6D 0.017 w
H—8 - 3,5-0Me 0.013 w
H-ZG‘“ - H-6' 0.012 w
H-lG‘“ — H-8D 0.006 w
H-ZG‘“ — H-2' 0.005 w  
431
a. Strong interaction (S) = 1.7 A—2.5A; medium interaction (M) = 1.7 A-3.2 A; weak interaction (W) =
 
Table C-10 cont’d. ROEs measured for 37 in methanol-d4.
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Appendix D. Tabular and Spectral Data that Pertain to the Solution Structures ofthe
O-, C—, and S-linked Disaccharides ofHyaluronic Acid.
469

1. Assignment ofthe 1H Resonances of compound 46, the O-disaccharide ofHyaluronic
Acid.





Resonance 6, 1H Mult, Hz
H-1 4.333 d, 7.9
H-2 3.285 dd, 7.9, 9.3
H-3 3.545 dd, 8.8, 9.3
H-4 3.70 m
H-5 3.67 m
H-1' 4.505 d, 8.4
H-2' 3.66 m
H-3' 3.487 dd, 8.4, 10.2
H—4' 3.43 m
H-5' 3.43 “dd’ 3% “'1’
H-6'B (proR) 3.72 m
H-6'A (proS) 3.885 dd, 1.7,
(acetifrrlrido) 2'01“) S
-OCH3 3.509 s   
The 1H resonances of the O-disaccharide of hyaluronic acid 46 were assigned
using gCOSY and HSQC experiments. The H-4, H-5, H-2', and H-6'proR, resonances
were part of an overlapping series of multiplets centered around 3.7 ppm. The
confirmation ofthe GlcNAc C-l' hydroxyl group as the B-anomer was confirmed by the
coupling constant data, as was the conformation of the Gch anomer ic hydroxyl group.
Both coupling constant data and NOEs indicate that both sugar rings are in the 4C1
471
conformation. The discemable H- '—H-6' coupling constant was consistent with the
expected value for B-D-glucose. “’2
H. Assignment ofthe 1H Resonances ofCompound 47, the C-disaccharide of
Hyaluronic Acid.






Resonance 5, 111 Mult, Hz
H-1 4.779 d, 3.7
H—2 3.556 dd, 3,7, 9.4
H-3 3.463 dd, 9.4, 10.3
dddd, 2.8, 6.8,
H'“ “'85“ 10.3, 10.6
H-5 3.852 d, 10.6
H-7A (proS) 1.647 ddd,115.9d: 68’
H-7B (proR) 1.587 ““d’ $81110“
. ddd, 1.9,
H'“ 3'26“ 102,102
H-2' 3.514 dd, 9.9, 10.2
H-3' 3.433 dd, 9.1, 9.9
H-4' 3.35 m“
. ddd, 2.3, 6.1,
H-5 3.292 9.7
H-6'B (proR) 3.641 dd, 6.1, 12.4
H-6'A (proS) 3.843 dd, 2.3, 12.4
-CH3
(acetamido) 2009 s
-OCH3 3.347 S  
a. Obscured by the methoxy resonance.
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The 1H resonances of C-HA 47 were assigned using gCOSY and HSQC. The
conformation of the C-glycosidic bond as the B-anomer was made using the NMR data
for a precursor. This assignment is firrther supported by the coupling constants ofH—2’
listed above. Similarly, the orientation ofthe O-glycosidic bond is confirmed as the
alpha anomer. Both coupling constant data and NOEs indicate that both sugar rings are
in the 4C1 conformation. The coupling constants ofH-6'A and B are evident from a
first-order analysis and are consistent with a distribution of 65.8:28.4:5.8 GG:GTzTG
conformers, according to the system of equations developed by Nishida and co-
workers.“ This is consistent with the expected conformer distrubution for [i-D-glucose.
The stereochemical assignments ofthese resonances are based on the measured
coupling constants, and these assignments are included in the table.
At 25 °C, the interglycosidic protons (H-7 resonances) were not separated
enough to allow confident resolution of coupling constants or NOEs; however, at 35 °C
they were separated enough to distinguish these features (Figure D-l).
There were two possible conformations of phi based on the coupling constants,
with one proton gauche and one trans to H—l '. These arrangements corresponded to the
exo-syn-(I) and non-exo-(I) conformations. Based on the predictions of the models in
Chapter 3, and straightforward examination of the Newman projections, the exo-syn-d)
conformer should be the predominant species in solution. In addition, the assignment of
H-7proS as the more downfield resonance was consistent with assignments of other [3-
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Figure D-l. Section ofthe ROESY spectrum at 35 °C showing
the crosspeaks to H-4,
H-7proS, and H-7proR. H-4 is the most downfield resonance in the
F1 dimension. The
H-7proS and H-7proR resonances are nearly overlapping, and H-7proS is further
downfield. The most upfield resonance in the F2 dimension is an impurity,
and the next




HI. Assignment ofthe 1H Resonances of Compound 48, the S-disaccharide of
Hyaluronic Acid.





Resonance 6, 1H Mult, Hz
H-1 4.322 d, 7.8
H-2 3.304 dd, 8.1, 8.7
H-3 3.41 m
H-4 2.940 dd, 10.8, 10.8
H-5 3.787 d, 10.8
H-1' 4.598 d, 10.5
H-2' 3.683 dd, 10.2, 10.5
H-3' 3.496 dd, 9.1, 9.9
H-4’ 3.42 m
H-5' 3.40 m
H-6'B (proR) 3.691 dd, 5.2, 12.5
H-6'A (proS) 3.881 dd, 1.6, 12.5
(“eggsdo) 2.009 s
-OCH3 3.347 s   
The “H resonances ofthe O-disaccharide ofhyaluronic acid 46 were assigned
using gCOSY, HSQC, and HMBC experiments. The H-2', and H-6'proR resonances
overlapped, as did the H-3, H-4', and H-5’ resonances were part of an overlapping series
of multiplets centered around 3.7 ppm. The anomeric OR and SR groups were both
identified as the B-anomers by the coupling constant data. Both coupling constant data
and NOEs indicate that both sugar rings were in the 4C1 conformation. The values for
475
“£141.56:me and 3JH-5I_H4;'p,os indicated a 75:25 distribution ofGG and GT conformers,
respectively. This distribution is shifted somewhat from the expected values for B-D-
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I. Conformer ralc_tggr #57, results of energy minimization, e = 3.5.















11. Conformer ralc_tggr #165, results of energy minimization, e = 3.5.
















HI. Conformer ralc_tggr #57, results of energy minimization, e = 80.















IV. Conformer ralc_tggr #165, results of energy minimization, e = 80
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